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This thesis investigates the influence of two structurally related impurities, Demethoxycurcumin 
and Bisdemethoxycurcumin, on the crystallization of Curcumin.  Firstly, a purification technique 
was designed and used to separate the three curcuminoids from each other. Pure fractions of 
Curcumin (100%), Demethoxycurcumin (98.6%) and Bisdemethoxycurcumin (98.3%) were 
isolated by column chromatography applying a stepwise increase in the methanol concentration.  
Using these purified fractions, an investigation of the solubility of Curcumin in pure propan-2-ol 
solution and in impure propan-2-ol solution containing dissolved Demethoxycurcumin or 
Bisdemethoxycurcumin impurity at different impurity concentrations was investigated. It was 
observed that Bisdemethoxycurcumin has a stronger influence on decreasing the solubility of 
Curcumin in propan-2-ol in comparison to Demethoxycurcumin. A ‘competing effect’ between 
Curcumin and dissolved impurity molecules for propan-2-ol solvent molecules was implied in 
explaining this decrease in the solubility. Nucleation studies were completed to examine the 
influence of Demethoxycurcumin and Bisdemethoxycurcumin on the primary nucleation of 
Curcumin. The induction time for nucleation was measured at different Curcumin driving forces 
and impurity concentrations and the results were analysed by the classical nucleation theory. Both 
Demethoxycurcumin and Bisdemethoxycurcumin delayed the nucleation of Curcumin by 
prolonging the induction times. The two impurities decreased the pre-exponential factor for 
Curcumin nucleation, while having a negligible influence on the interfacial energy of Curcumin 
in propan-2-ol suspension.  With regards to nucleation, density functional theory and molecular 
dynamic computations indicated that the binary interactions of Curcumin‒Demethoxycurcumin 
and Curcumin‒Bisdemethoxycurcumin are stronger than the respective binding between two 
Curcumin molecules, which suggests that a certain energy barrier has to be overcome in order to 
remove the impurity molecules from the Curcumin structures in solution in order for the Curcumin 
pre-nuclei clusters to form a stable nucleus making clusters containing impurities more likely to 
dissolve rather than advancing to stable crystals. The growth rate of pure Curcumin particles in 
pure and impure (containing Demethoxycurcumin and Bisdemethoxycurcumin impurities) 
supersaturated solutions was determined by seeded isothermal desupersaturation experiments at 
different Tcryst. In situ (ATR) ultraviolet-visible spectroscopy and focused beam reflectance 
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measurements were used to monitor the solution concentration over time and to ensure that no 
nucleation was occurring. The growth of Curcumin Form I spheres was significantly slower than 
the crystal growth of smaller pharmaceutical compounds in organic solvents. A solid-liquid 
interfacial energy of 2.65 ± 0.1 mJ.m-2 was determined by fitting the birth and spread model to the 
experimental desupersaturation data. The product Curcumin particles collected after growth were 
denser and more spherical in shape in comparison to the Curcumin seed particle. The presence of 
Demethoxycurcumin and Bisdemethoxycurcumin slow down the growth rates of Curcumin. It was 
hypothesized that Curcumin grows by a 3-D nucleation growth mechanism in the presence of the 
impurities, the slow step been the formation of the stable nucleus. A higher interfacial energy value 
of Curcumin was obtained in the presence of the two impurities. The product particles collected 
after growth in the presence of Demethoxycurcumin or Bisdemethoxycurcumin impurities had a 
rougher and more porous particle surface in comparison to Curcumin crystals grown in pure 


















Figure 1. A picture of Curcumin, Demethoxycurcumin and Bisdemethoxycurcumin crystals obtained 
after an evaporation crystallization by hanging a piece of string inside a crude curcuminoid propan-2-ol 
solution is shown. The curcuminoids formed a beautiful autumnal coloured tree displaying the vibrant 
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Practical Relevance 
During the course of this PhD, a 3-month placement was undertaken in a leading pharmaceutical 
company which were developing a new pharmaceutical API. The API was produced by various 
steps in a cooling crystallization. Intermediate products produced from the production of this API 
had to be analysed to understand their chemistry. The development of the new API was at its initial 
stage of development so solubility experiments were undertaken on the different intermediate 
products/impurities which were produced during different steps in the process and of the API. 
Solubility experiments and development of lab scale crystallization processes with the team was a 
success, but when the API was scaled up at plant scale issues started to arise with improper mixing 
and some exothermic reactions. With the work of the team in the laboratory, these issues were 
fixed but sadly the API failed to launch successfully in the end. This placement showed that the 
control and management of a crystallization process and the design of scale up from lab scale to 
plant scale in the pharmaceutical industry is very important. As determining the solubility of 
Curcumin as a pure system and in the presence of the two impurities is a major part of my PhD, 
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this placement gave clear evidence of how important accurate solubility data is to develop a robust 































13 | P a g e  
 
 
Table of Contents 
Abstract……………………………………………………………………………………….....7 
Conference & Journal Contributions………………………………………………………......10 
Practical Relevance………………………………………………………………………….....11 
Nomenclature…………………………………………………………………………………..15 
List of Abbreviations……………………………………………………………………….......17 
Chapter 1.0 Introduction, Literature & Theory Review & Objectives………………........19 
Chapter 2.0 Materials & Experimental Methodologies…………………….........................52 
2.1 Materials………………………………………………………………………........ 
2.2 Techniques – Analytical & Characterisation Techniques………………………..... 
 2.2.1 HPLC Calibration…………………………………………………………...... 
 2.2.2 High Performance Liquid Chromatography………………………………...... 
 2.2.3 Liquid Chromatography – Mass Spectroscopy…………………………......... 
 2.2.4 Stability Study…………………………………………………………........... 
 2.2.5 Thermogravimetric Analysis…………………………………………............. 
     2.2.6 Differential Scanning Calorimetry………………………………………........ 
 2.2.7 Powder X-ray Diffraction…………………………………………….............. 
2.3 Microscopy Techniques………………………………………………………........ 
 2.3.1 SEM……………………………………………………………………........... 
 2.3.2 Morphology – G3…………………………………………………….............. 
 2.4 In-situ Techniques – (ATR) UV-Vis and FBRM…………………………….......... 
2.5 Experimental Methodologies…………………………………………………......... 
  2.5.1 Chromatographic separation…………………………………………............... 
2.5.2 Solubility……………………………………………………………….…....... 
2.5.3 Nucleation…………………………………………………………….............. 
2.5.4 Crystal growth……………………………………………………………........ 
  2.5.4.1 Preparation of CUR seed……………………………………………..... 
 2.5.4.2 Crystal growth of pure CUR………………………………………….... 








Chapter 3.0 Results & Analysis……………………………………………………………...71 
 3.1 Purified CUR, DMC & BDMC……………………………………………………. 
 3.2 Chemical and thermal stability analysis………………………………………........ 
 3.3 Solubility…………………………………………………………………………... 
 3.4 Nucleation………………………………………………………………………..... 
 3.5 Crystal Growth of CUR in the absence of impurities……………………………... 
 3.6 Crystal Growth of CUR in the presence of DMC or BDMC impurity……………. 
Chapter 4.0 Discussion…………………………………………………………………….....94 
 4.1 Developing the purification technique and dealing with degradation issues…….... 
 4.2 Analysis of CUR solubility in the presence of DMC or BDMC impurity………… 
 4.3 Nucleation of CUR in the absence or presence of DMC or BDMC impurity…...... 
4.4 Evaluation of the crystal growth of CUR in the absence or presence of DMC or              
BDMC impurity……………………………………………………………………...... 























A Pre-exponential or collision factor in nucleation rate equation 
SL Interfacial energy 
tg time at which the first vial crystallized 
S Supersaturation ratio 
S-1 Relative Supersaturation 
C Mass concentration 
C* Mass concentration at equilibrium 
Cs Solubility 
ΔGcrit Free energy of formation of a critical nucleus under homogeneous 
conditions 
ΔG’crit Free energy of formation of a critical nucleus under heterogeneous 
conditions 
ΔGs Free energy difference between the surface and the bulk of the crystal 
ΔGV Free energy difference between the solute in the crystal and the solute in 
solution 
ΔGv Free energy change per unit volume 
J Homogeneous nucleation rate 
NA Avogadro Number 
k Boltzmann constant 
R Gas constant 
rc Radius of critical nucleus 
T Temperature 
x Mole fraction concentration 
x* mole fraction concentration at equilibrium 
μ Chemical potential 
Δμ Difference in chemical potential between two phases 
µs Chemical potential of a molecule in solution 
μeq Chemical potential of the system at equilibrium 
as activity 
xs mole fraction 
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aeq Activity of the solute in a solution that is in thermodynamic equilibrium 
with the solid crystalline phase at a given absolute temperature 
xeq Mole fraction of the solute in a solution that is in thermodynamic 
equilibrium with the solid crystalline phase at a given absolute temperature 
f0 attachment (collision) frequency factor 
ΔGD the energy barrier for diffusion from the bulk solution to the cluster 
N3D the number density of active nucleation centers 
G Growth rate 
L Linear dimension of the crystal 
kg Kinetic constant 
kg0 kinetic pre-exponential factor 
g Growth exponent 
A temperature dependent parameter 
C temperature dependent parameter 
B temperature independent parameters 
D temperature independent parameters 
Γ* solute molecular adsorption coverage 
Vm molecular volume of the solute 
νstep rate of step advancement 
Bstep rate of two-dimensional nucleation 
h Step height 
β’ correction factor (β’≤1) 
Γ concentration of surface adsorbed molecules 
Dsurf solute diffusion on the surface 
(?̅?) size change of seeded crystals 
W0 weight of seeded crystals 
M weight of solvent 
?̅?𝟎 mean initial size of seed crystals 
P(t) induction time probability 
EA-B energy of a dimer 
E Energy of isolated monomer  
∆𝐇𝐬𝐨𝐥𝐧
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BDMC                Bisdemethoxycurcumin 
B (DMC)   DMC & BDMC impurities 
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CHAPTER 1.0                                                                 
 































Crystallization can be described as a phase change in which a solid crystalline product is attained 
from solution or a melt.1 It is an ancient tool, which has been used as a separation, isolation and a 
purification technique, for example salt from sea water. Various materials of scientific, 
technological, and commercial importance are crystalline, varying from large-tonnage product 
materials to high-value specialty substances.2 Crystalline materials of significance to food science 
and nutrition consist of sugars, sugar alcohols, salts, fats, fatty acids and artificial sweeteners, etc.2 
As a purification technique, crystallization depends on the developing crystal to exclude any 
impurities which may become incorporated into the developing crystalline material. 
Crystallization performed under various conditions produce crystals of different sizes and 
morphologies, thus, allowing one to specify the product crystals habit. The growth of large single 
crystals is necessary for determining the structures of molecules, crystals by crystallography and 
the manufacture of optical and electronic devices.2  
The two main stages in crystallization are: (i) nucleation and (ii) crystal growth. However, 
an understanding of these stages is still not entirely complete particularly for nucleation. 
Controlling the experimental conditions to form a stable nucleus in solution can be most 
challenging, as the development of the nucleus determines the  crystal size and habit of the growing 
crystal.3 Crystal growth is a very important step to control in order to get a desired particle size 
distribution and crystal habit 4. Different theories explaining nucleation exist in the literature; the 
most commonly used being the classical nucleation theory which is applied in understanding the 
crystallization processes in this project.5 Nucleation can either be  promoted such as in the 
crystallization of proteins or nucleation can be inhibited, as in the pharmaceutical industry where 
inhibiting undesired crystal structures or polymorphs is necessary to control the stability, 
dissolution rate, bio-efficacy, and bioavailability of a drug.6 Therefore, there is a need to develop 
a greater understanding to predict, control and optimize crystal nucleation. Introducing  “tailor-
made” additives have been used in order to do this, but since controlling and optimizing nucleation 
using tailor-made additives is not within the scope of this project, then this will not be discussed 
in further detail but more information can be found elsewhere in literature1,6–8. Once a stable 
nucleus has been formed in a supersaturated solution, it will then begin to grow into a crystal of 
detectable size. There are many crystal growth theories discussed in the literature which explain 
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the mechanism and the rate of crystal growth, such as; the Birth and Spread theory8, the Burton 
Cabrera Frank theory9 and the Diffusion theory8. It was Gibbs who proposed the first theory of 
crystal growth in which he estimated the growth of crystals to be similar to the growth of a water 
droplet from mist10. Soon after Kossel and others described the role of step and kink sites on the 
growth surface in supporting the growth process.10,11. The historical development of many of the 
crystal growth theories is reported by Volmer (1939); Wells (1946), Burton et al., (1951), Buckley 
(1952), Strickland-Constable (1968), O’ Hara and Reid (1973), Lewis (1980), Chernov (1961, 
1980, 1989) and Nývlt et al. (1985).1  
Most Active Pharmaceutical Ingredients are present in the crystalline solid state as they are 
more stable due to their packed crystal lattices which have stronger intermolecular bonding and 
easier to handle due to their size (µm) during the different stages of drug manufacture.12  In Figure 
1.1, a schematic overview of the development of a pharmaceutical drug can be seen. The first step 
is API discovery and development, which involves synthesis of the API, followed by 
crystallization of the API to a high purity (>99 % purity), removing as many impurities as possible. 
The pure crystalline material is isolated and dried, then blended with excipients. The excipient/API 
mixture is then granulated to convert the powdered drug formulation into a granule that have 
enhanced flow and compaction properties to produce tablets with uniform content and consistent 
hardness. The material is then pressed into a tablet and coated - usually in a waxy coat for stability 
reasons. The finished tablet is then released to the patient. It can take ten years for a new medicine 
to complete its journey from initial discovery to the patient as clinical trials alone take six to seven 
years on average to be completed. Amore detailed description on the process of drug discovery to 
drug development can be found in the literature13.  Over 90 % of all pharmaceutical products 
contain crystalline ingredients.14 This is important here in Ireland, as in 2017, Ireland was 
recognized as a world leader in the area of pharmaceutical manufacturing and the largest net 








Figure 1.1. Schematic brief overview of the steps involved in developing a pharmaceutical drug. 
Crystallization is a very important step as it dictates the following four steps of drug manufacture. 16 
 
A key problem facing the pharmaceutical and fine chemical industries is the presence of 
impurities during process chemistry, during crystallisation and in later processing. 17 Organic 
impurities can occur during storage or during the manufacturing from starting materials, by-
products, intermediates, degradation products, reagents, ligands and catalysts. Impurities which 
can develop during synthesis, purification, crystallization and storage need to be documented and 
recorded in the specification for any new drug substance. The existence of impurities in the 
crystalline product may influence the specification compliance of the batch in pharmaceutical 
manufacturing. Therefore, any impurities which may be present during a process must be detected, 
quantified and be below specified limits. Impurities present in the crystallization medium can 
influence nucleation and growth rates, the crystal form, as well as polymorphism, solvate 
formation, crystal morphology and the crystal size distribution. Few studies in the literature dating 
back to the 1900’s, have indicated that impurities in solution can significantly influence the growth 
rate and morphology of a crystal.18–23 Impurities can influence the kinetic and thermodynamic 
factors, which causes conflicting influences on the nucleation and growth mechanisms. The 
presence of impurities have been reported to slow down crystal growth rates and only a limited 
number of examples are identified where they increase the growth rates22. A study reporting an 
increase in growth rate has been modelled considering the thermodynamic effect which is due to 
the adsorption of impurity on a growing surface leading to decrease in the surface energy24–26. In 
the literature, there are studies published which mainly focus on the kinetic effects of impurities; 
but only a limited number of studies are devoted to the thermodynamic effects due to the addition 
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of impurities during a crystallization, which is a key issue for this thesis. Adsorption of impurities 
arises in kinks, steps or on the surfaces between the steps on a growing crystal, based on the 
Hartman and Perdok Theory (1955)27,28 22,29. The impurity molecules can either be separate or 
connected to each other in the two-dimensional adsorption layers which includes other solute and 
solvent molecules. When adsorption of the impurity molecules differ on different faces of the 
crystal, the relative growth rates of the faces can be altered, occasionally giving rise to shape 
modifications.1,8,30,31 For example, a crystallisation study of Stavudine32 from IPA gave needle-
like crystals with poor filtration properties. When Thymine was added as a process impurity in 
quantities of up to 1 mol %, less acicular crystals with enhanced filtration properties formed.32 
Many other examples of impurities influencing crystal shape can be found in literature.21,22  
When working with impurities in crystalline materials, it can be quite difficult to locate the 
impurities within the crystals, both with regard to the distribution of the impurities and the type of 
binding of the impurity molecules within the crystal ‘host’.17 One way to overcome this difficulty 
is by washing the crystalline material in a suitable solvent, as for example, in the pharmaceutical 
manufacturing of scale, impurities often adsorb onto crystal surfaces and can be removed 
efficiently by washing. Performing a dissolution study can remove the existence of impurities 
which may be attached to the outer surface layer of the crystal or those impurities which are 
distributed within the crystal lattice.17 HPLC can be used to determine the crystal purity after each 
dissolution step. If the impurities are located within the crystal lattice, then washing away the 
crystals outer surface layer (layer-by-layer) and analysing each new layer of the crystal by TOF-
SIMS can be used to determine the location of the impurities within the crystal structure. 
Recrystallization35 is a useful and commonly applied technique used in manufacturing 
crystallization processes to remove any impurities which are likely to be trapped within the 
crystals, this improves the quality of the crystals. Impurities which are not removable by washing 
may be incorporated within the crystal and can be interacting strongly with some aspects of the 
crystal lattice. Methods such as X- Ray diffraction can be used to identify distortions in unit cell 
dimensions as a result of solid solution formation with the impurity or inclusion of impurity 
molecules within crystal lattices. Changes in the diffraction angles, axis lengths, occupancy 
modification, and symmetry changes detected by neutron diffraction have also been applied to 
detect the impurity within a crystal lattice36. Molecular modelling of the substitution of impurities 
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within crystal lattices can be applied to estimate the influence on lattice stability and the possibility 
for inclusion36. Microscopy techniques such as SEM and AFM have also been used to identify 
changes in crystal growth occurrences due to inclusion of impurities at the crystal surfaces17.  
Some studies1,37 highlight the significance of combining molecular simulations with 
experimental results in order to explain the molecular events that are governing a crystallization. 
This approach is particularly important when working with impurities in a crystallizing solution. 
Several studies in the literature38 present a clear experimental and molecular simulation 
relationship for simple and small molecular weight API’s. However, for other systems, which are 
a lot more complex and that have larger molecular weights as in the case of the system studied in 
this work, reports are very scarce in the literature. Complex and novel materials can be quite 
challenging to work with from an experimental point of view, as a more in-depth experimental 
analysis of the system is required which can be very time-consuming. Therefore, in order to fill 
this gap in the literature, in this work, a full experimental study has been performed by 
investigating the influence of two structurally-related impurities (which originate naturally from 
the model compound) on the purification, solubility, nucleation and crystal growth of a complex 
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1.2 THESIS OUTLINE 
The work carried out over the duration of this research project is presented herein in the form of a 
collection of two publications and two submitted manuscripts. The first part of this thesis outlines 
the reasons for undertaking the work, the main experiments conducted in this thesis and the results 
obtained. The second part includes the journal publications associated with the work. These 
include additional results information, mainly molecular modelling which was used to compliment 
the experimental results and used to support various hypotheses presented in relation to the work 
in this thesis. The modelling work was carried out by Dr. Marko Ukrainczyk, Dr. Jacek Zeglinski 
and Dr. Rodrigo Soto, at the University of Limerick. Table 1.2 below outlines the manuscripts and 
the different journals in which the manuscripts have been published in. Each publication addresses 
distinct aspects of research which collate to give an in-depth view in to the effects of structurally-
related impurities on the purification and crystallization of Curcumin. The order in which the 
publications appear in the thesis follow the chronological order of experimental investigations as 
outlined in Section 1.3. Starting with the purification and separation of the three curcuminoids, 
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Table 1.2: Thesis Outline 
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1.3 LITERATURE & THEORY REVIEW 
The outline of this literature and theory review, will begin with an introduction to solution 
thermodynamics which includes solubility, followed by metastable zone width (MZW), 
nucleation, crystal growth and ending with a small synopsis on Curcumin. The three curcuminoids 
in this project had to be purified by a purification method first, which, involved performing a 
cooling crystallization followed by column chromatography. To do a cooling crystallization 
experiment, the basics of solution crystallization had to be understood first. This literature review 
does not follow the order at which experiments were performed in this project, it is merely a brief 
introduction to the crystallization theories and a review of the literature in those areas.  
Solution Thermodynamics  
Solution thermodynamics describes the equilibrium state and allows one to define at which 
conditions a stable (where spontaneous phase separation occurs and equilibrium is achieved), 
metastable (phase separation does occur but the system is in a non-equilibrium state) or unstable 
(At saturation temperature or at the melting-point, Vapour-liquid, liquid-liquid, liquid-solid phases 
are in equilibrium39) state may be present. Therefore, solution thermodynamics is a very important 
step in understanding any crystallization system. The rate at which crystallization takes place 
depends on a driving force, among other factors11. When the concentration of the solute in the 
solvent system exceeds its solubility, then crystallization can occur. Therefore, the level of 
supersaturation present in solution is the driving force for all crystallization processes as it 
determines whether the system will crystallize or not. The thermodynamic driving force for all 
crystallization processes is expressed as the difference (Δµ) in chemical potential between the 
solute in the supersaturated solution (µ) and the solute as a pure solid, i.e. a crystal, the latter equal 
to that of a saturated solution (µ*) and is stated as: 
 
∆𝜇 =  𝜇 − 𝜇∗ = 𝑅𝑇𝑙𝑛 [
𝑎
𝑎∗





] ≅ 𝑅𝑇𝑙𝑛 [
𝑥
𝑥∗
] = 𝑅𝑇𝑙𝑛𝑆                    (1) 

Where; a is the activity and x is the mole fraction concentrations, respectively, of the solute in the 
actual supersaturated solution, a* and x* are the activity and mole fraction of the solute in a 
solution that is in thermodynamic equilibrium with the solid crystalline phase at a given absolute 
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temperature, T, the universal gas constant, R, and  the supersaturation ratio, S. Normally the ratio 
of activity coefficients, y/y*, is presumed to be close to unity, but in several cases in the 
crystallization of organic compounds this assumption seems to be adopted mainly for reasons of 
convenience40. Many representations of S exist in the literature, in this work the supersaturation 
ratio is used to quantify the level of supersaturation in a system, see eqn.2 8. 
 
                                         𝑆 =  
𝑐
𝑐∗ 
 ≈  
𝑥
𝑥∗
                                                                (2) 
Where, c is the mass concentration (g), c* is the mass concentration at equilibrium (g), x is the 
mole fraction concentration and x* is the mole fraction concentration at equilibrium.  Obtaining 
very accurate solubility data is an essential starting point in understanding a system and how it will 
crystallize by comparing the equilibrium conditions with the experimental conditions in the 
calculation of the driving force for a crystallization experiment. Solubility depends largely on 
temperature as the solubility increases with temperature in all systems, except, for one example 
such as cerium (III) sulphate, which decreases with increasing temperature 8,41. The slope of the 
solubility curve is used to determine the van’t Hoff enthalpy of a solution by plotting the mole 
fraction solubility (lnx) against the reciprocal of temperature (K) creating a plot called a ‘van’t 
Hoff plot’ (see eqn.3). 
∆𝐻𝑠𝑜𝑙𝑛
𝑣𝐻 =  −𝑅
𝑑𝑙𝑛𝑥
𝑑(𝑇−1)
                                        (3) 
When crystallizing an API, a solubility curve helps in choosing a suitable solvent and working 
temperature for developing a crystallization process such as a cooling crystallization, which can 
determine the yield. Thus, having a deep knowledge of the solubility of an API is critical for the 
design of a crystallization process. Researchers have applied different techniques to measure the 
solubility of a material such as;  
 Gravimetric techniques 42 43 44,  
 HPLC to determine the solution composition, 45 46 
 Solvent addition47 which involves gradually adding a solvent until all of the solid dissolves 
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 Using an automated method which depends on a light source and detector such as FBRM 
and PVM to track the changes in solubility in the solution48, 
 Using  automated methods which allow one to work at smaller lab scales49 or using 
instruments which capture ‘turbidity’ or ‘clear points’ like the Crystal 16 50, 47.  
 
Impurities present in solution is very common in most industrial crystallization processes, which 
makes the determination of the solubility of a solute in the actual working solution very 
challenging. Balesdent et al, studied impurity effects on the solubility of high molecular weight 
alkanes in ethylbenzene and found that the presence of impurities in the solution lead to a 
significant increase in the solubility of the solute 51. A similar observation was noticed for the 
solubility of boraxdecahydrate as its solubility increased as the concentration of impurities 
increased 52.Trace impurities present in a pure solution of the crystallizing material can have a 
significant influence on equilibrium solubility measurements. For example, the solubility of 
potassium sulphate in water that contains trace amounts of Cr(III) in ppm 8,31 is lowered 
significantly. The solubility decrease is increased with increasing the Cr (III) concentration. 
Impurities present in a solvent system containing pure solute crystals can influence solubility by: 
 reacting with the pure solute crystal, forming a complex or a compound  
 the impurity may make the solution supersaturated with respect to the pure solute crystal, 
which would result in crystallization 
 or the solution may become undersaturated with respect to the solute crystal.  
 
Solubility is a topic which has been studied in great detail by many researchers dating back to as 
late as 1911 53 and to this day many developments with regards to determining the  solubility of 
common APIs like Paracetamol 54 55, Ibuprofen 56, Piracetam 57 and Fenofibrate 58 etc.,  have been 
achieved. Solubility studies on very large and complex molecules are scarce in comparison to the 
studies that have been performed on small drug molecules. Noticing this gap in the literature, 
solubility studies have been performed on CUR in the presence of DMC and BDMC structurally-
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Metastable Zone Width (MZW) 
The MZW is classified as the region between the saturation (solubility curve) and the metastability 
limit (maximum allowable supersaturation) beyond where spontaneous nucleation rapidly takes 
place. For example, in the solubility curve displayed shown as a red line in Figure 1.3.1, for a 
substance to crystallize, the undersaturated solution is cooled (right side of solubility curve) with 
the concentration C, leading to the temperature T*, at which the solution is just in equilibrium with 
the solid phase. Following the blue operating line, at a constant cooling rate, a supersaturated 
solution is generated. Once the metastability limit Tmet is achieved, the solid phase is created.  
 
 
Figure 1.3.1. Determination of a metastable zone width in solution during a cooling crystallization. 
 
The metastable zone width can be explained as a maximum undercooling ΔTmax = T* - Tmet, 
equivalent to a maximum supersaturation ΔCmax = C – C*met, that a solution will allow before 
nucleating. The most common way in measuring the MZW is by a polythermal method 59 60  61, 
which involves using a constant cooling rate to create a supersaturated solution. The nuclei are 
then identified instrumentally or visually. Some theoretical models have been established to 
calculate the MZW in crystallizers carrying out homogeneous, heterogeneous or surface 
nucleation59. Various factors strongly influence the MZW, such as: temperature; thermal history; 
cooling rate; agitation; shaking/knocking/ultrasonic; experimental set-up; measuring technique; 
nature of solution; pH and the presence of impurities11,20. 
Many methods are used to create a supersaturated solution; one of the most used methods 
is by a cooling crystallization, which cools a solution below its saturation temperature. Once a 
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supersaturated state is created, then local concentration fluctuations trigger the appearance of 
ordered micro-regions or clusters of solute molecules62. These clusters are estimated to arrange 
with a similar structure to the solid phase. However, theories have been formulated as to how these 
clusters form during crystal nucleation from supersaturated solutions. Do they form as postulated 
in  the classical nucleation theory which considers that, in a supersaturated solution, coexistent 
density and order fluctuations lead to the formation of clusters where the crystal nuclei have the 
same structure as a mature crystal63. Or do they occur via the non-classical theory via the two-step 
mechanism which considers that crystalline order  is preceded by the separation of a dense, 
disordered liquid phase where initial clusters are liquid-like, and crystalline order appears over 
time63. See Figure 1.3.2 for an overview of these two pathways. 
 
Figure 1.3.2. Displaying the two different structural models used for the dynamics of cluster 
formation during crystal nucleation from supersaturated solutions63. 
Two kinetic processes rely heavily on supersaturation and are notable in solution; crystallization 
by the creation of nuclei of a new microcrystalline solid phase, i.e. nucleation, followed by the 
growth of these nuclei to form a macro crystal of detectable size 8.  
 
 




Nucleation can occur by two different mechanisms: (i) primary or (ii) secondary. (i) Primary 
nucleation takes place in the absence of any suspended solids (solute crystals/crystalline surfaces) 
and includes hetero surfaces that may or may not be present in solution, whereas, (ii) secondary 
nucleation requires the presence and participation of a solid phase of the solute (crystalline 
material) in contact with a supersaturated solution 8.  At very high supersaturation levels, the 
formation of primary nuclei occurs spontaneously at random sites in the pure bulk solution, known 
as homogeneous primary nucleation or at preferential positions operating as crystallization centers, 
known as heterogeneous primary nucleation 8,41,64. 
 
Classical Nucleation Theory 
The kinetic part of the classical nucleation theory which involves phase transitions was developed 
by the work of Volmer41 and Weber, Farkas, Becker65 and Döring, and others starting in 19268. 
The thermodynamic part of the classical nucleation theory was developed by J.W Gibbs and is 
based on the condensation of a vapour to a liquid with this treatment expanded to crystallization 
from solutions and melts8. The molecular process of homogeneous nucleation is based on the 
creation of nanoscopic particles (clusters, nuclei, embryos) by molecular addition of the solute 
molecules which creates a stable nucleus41. At some point, when the cluster of molecules become 
stable enough and reach a certain critical size, then they will continue to grow as a crystal. Below 
this critical size the molecules will dissolve into solution again. The work required to form a cluster 
of n molecules is the difference between the free energy of the system in its final and initial states 
plus a term related to the creation of an interface between the nucleus and the solution8. This can 
be expressed as (assuming a spherical nucleus): 
 
∆𝐺𝑇 =  −𝑛∆𝜇 + 4𝜋𝑟
2𝛾𝑆𝐿   (4) 
 
Where, Δµ is the difference in the chemical potential between a molecule in solution and that in 
the bulk of the crystal phase; n is the number of molecules; r is the radius of the nucleus; and γSL 
is the surface free energy or more commonly known as the interfacial energy. Following 
thermodynamics, Δµ can be expressed as: 
 
 




∆𝜇 =  𝑁𝐴𝑘𝑇𝑙𝑛(𝑆) = 𝑅𝑇𝑙𝑛(𝑆)              (5) 
 
Where, k is the Boltzmann constant, T is the absolute temperature, S is the supersaturation ratio 
and R is the molar gas constant. If each molecule in the crystal occupies a volume Vm (molecular 






 molecules, with r being the radius of the nucleus 
in the crystal. Then, equation 6 will be expressed as: 
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                           (b)   
 
Figure 1.3.3. (a) illustrating the total free energy versus cluster size; (b) displaying nucleation rate as a 
function of supersaturation (showing the critical supersaturation (Sc))66. 
 
A plot of ∆𝐺𝑇 as a function of r is displayed in Figure 1.3.3, where it can be observed how the 
function reaches a maximum, which represents the energetic barrier that must be exceeded to 
achieve nucleation  ∆𝐺𝑇
∗  . The value of r, at this maximum (r*) is defined as the critical radius or 
nucleus size8. Both values are expressed as: 
 
𝑟∗ =  
2𝛾𝑆𝐿𝑣𝑚
𝑘𝑇𝑙𝑛𝑆









                        (8) 
 
More practically delta Gt is expressed in terms of J per mole of clusters by multiplying equation 8 
by Avogadro’s Number Na. It is known that the value of the critical radius (r*) decreases (as well 
as that of ∆𝐺𝑇
∗  ) as the supersaturation increases8, meaning that the probability of nucleation 
occurring in a given system will be greater at higher supersaturations.  
 
 




The rate of nucleation (i.e. the number of nuclei formed per unit time per unit volume) can be 
expressed by an Arrhenius-type equation8: 
 




          (9) 
 
Where the prefactor is the result of three terms: the number density of molecules, ρ; the rate at 
which molecules attach to the nucleus causing it to grow, j; and the Zeldovich factor, Z, which is 
the probability that a nucleus at the top of the activation energy barrier will continue to form a 
crystal. The number density of molecules ρ is effectively the number of possible nucleation sites 
per unit volume, in homogeneous nucleation the nucleus can form around any one of the molecules 
present. The rate at which molecules attach to the nucleus causing it to grow, j, is caused by the 





∗  is the free 
energy cost of forming the critical nucleus, the nucleus at the top of the activation energy barrier. 
The probability of an event arising is proportional to the exponential of minus the free energy cost 
of the event over the thermal energy kT. Therefore, the exponential factor comes from the very 
low probability of creating a nucleus at the top of the barrier8. Combining eqn 8 and 9 together and 
grouping the constants, J can be classified as: 
 









       (10) 
 
A standard plot of J as a function of supersaturation (S) is shown in Figure 1.3.3 (b). In this plot, 
it can be observed that the nucleation rate is virtually zero until a critical value of supersaturation 
is attained, after, which the rate increases exponentially. The metastable zone is defined by this 
critical supersaturation (Sc). Eqn 7 and 8 both illustrate how ΔG* and r* depend greatly on the 
surface free energy (γSL), so any process that alters this value will have an influence on the possible 
viability of the nucleation process. A decrease in γSL will also lower the value of the critical 
supersaturation (Sc), as the nucleation rate is also reliant on the surface energy (eqn 9 and 10). The 
reduction of the surface energy will be greatest when ideal conditions between the substrate and 
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the crystallizing substance is achieved. This situation is created, evidently, when both the substrate 
and the crystallizing substance are the same (seeding crystallization), denoted as secondary 
nucleation. This mechanism will be more favourable than both homogeneous and heterogeneous 
nucleation and hence, is created at lower supersaturations.  
The classical nucleation theory has been extensively applied to study the nucleation 
behaviour of inorganic substances such as; chromates, iodates, molybdates, oxalates and selenates 
67, 68, 8.  Compounds of industrial interest and practical significance such as adipic acid, amino 
acids, lovastatin, paracetamol, proteins and urea are included in more recent nucleation studies 
37,69–74. Various techniques have been applied to study nucleation such as crystalloluminiscence64, 
dilatometry11, laser diffraction69, conductometry and refractometry61 , turbidity11, differential 
scanning calorimetry75, interferometry76, high pressure nucleation41, the use of electrodynamic 
levitation with light scattering41,76, the ultrasonic technique77 and by the transmission of light using 
a Crystal 16 instrument11,78. In proposing that the experimental data obtained reveals homogeneous 
nucleation, the macroscopic thermodynamic parameters accountable for nucleation, such as the 
driving force (supersaturation ratio, S) and the solid-liquid interfacial energy (𝛾𝑆𝐿) should be 
defined correctly 8. Molecular dynamic simulations have been applied to study the solution 
structure close to the solid-liquid interface and its thermodynamics79. Despite many studies 
performed on the solid-liquid interfaces, the determination of the solid-liquid interfacial 
energy, 𝛾𝑆𝐿, which is a key physical property, is still a challenging problem
80,81. The interfacial 
energy is normally calculated from the determination of contact angles or from the dependence of 
nucleation rate, J, on the supersaturation ratio, S, and on the temperature, T.   
 
Induction Time and Interfacial Energy 
A period of time between the achievement of supersaturation and the appearance of a crystal, is 
known as ‘induction period’. The induction period is influenced by supersaturation, agitation, 
viscosity and the presence of impurities11.  The existence of an induction period in a supersaturated 
system is different to the expectations from the classical theory of homogeneous nucleation, which 
presumes ideal steady-state conditions and predicts instant nucleation once supersaturation is 
achieved11. The induction period (also referred as induction time, the latter being used in this 
thesis) can therefore be considered as made up of several parts: 
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1. the relaxation period (tr), required to achieve a quasi-steady-state distribution of molecular 
clusters, 
2. the period of time required for the creation of a stable nucleus, also known as nucleation 
time (tn),  
3. the period of time necessary for the critical nucleus to grow to a detectable size or also 
known as growth time to visibility(tg).  
Thus, the induction time, t, can be written as: 
 
𝑡 =  𝑡𝑟 +  𝑡𝑛 +  𝑡𝑔           (11) 
 
At modest levels of supersaturation and low viscosity, tr is insignificant
11,68,82, in other words, the 
steady-state size distribution of clusters is attained so rapidly, no matter whether the nucleation is 
homogeneous or heterogeneous. Therefore, the induction time is presumed to be a function of tn 
and tg only. The use of various distribution functions to fit induction time data has previously been 
examined.30 In this study, a cumulative exponential-based probability distribution function has 
been used to fit the induction time data78:  
 
P(t) = 1 - exp(-JV(t - tg))                         (12) 
 
,where P(t) is the induction time probability, J is the nucleation rate, V is the volume of the solution, 
t is the induction time of each vial and tg  is the time at which the first vial crystallized. 
If the experimental physical conditions minimize the contribution of the growth time (e.g., tn >>tg), 
then the nucleation step is rate controlling and according to the classical nucleation theory of 
homogeneous nucleation, the induction time is inversely proportional to the nucleation rate (𝑡 ∝
𝐽−1). These assumptions allow the induction time to be expressed as a function of the important 
crystallization variables like supersaturation, temperature and interfacial energy as follows: 
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A linear dependence between lnt and T
3 (lnS) 2 is predicted in eqn.13, when the value of the 
interfacial energy and pre-exponential factor is constant and independent of supersaturation and 
temperature.  
 
𝛽 = 𝑑(𝑙𝑛𝑡)/𝑑(𝑇3(𝑙𝑛𝑆)2) = 16𝜋𝛾𝑆𝐿
3 𝑣𝑚
2 /𝑘3            (14) 
 
From the slope of such a linear plot, the interfacial energy (𝛾𝑆𝐿)can be established over the range 
of supersaturations and temperatures and from the intercept the pre-exponential factor (A) is 
calculated. Impurities, such as unreacted reactants and by-products, can be present in a 
crystallization solution and can greatly influence the nucleation kinetics, and therefore the product 
crystal structure, purity, shape and size distribution 78. Some studies have been performed on the 
effects of different solvents 83,84,  additives/impurities6,85–88, and degradation products 89 on the 
crystallization of API’s but very little work has been performed using structurally related 
impurities to study their effects on the crystallization of an large molecular weight API.  The 
nucleation kinetics of paracetamol was influenced in the presence of metacetamol impurity by 
increasing the induction time and MZW 90. In addition the crystal habit of paracetamol was 
modified by the presence of the impurity.  Davey et al., 199791, demonstrated the effect of 
structurally related impurities for the stabilization of the metastable polymorph of L-glutamic acid. 
In that case, stabilization of the metastable polymorph was associated with inhibition of nucleation 
of the stable polymorph. From the perspective of crystallization it is well established that 
impurities can generally slow down rates and influence crystal habit. For example if a crystal seed 
is added to an impure solution, the impurities can disrupt the growth of certain faces of the seed 
crystal, changing the crystal habit as it grows and impeding or increasing the growth rate of the 
seed crystal. The presence of impurities can change the growth mechanism of the seed, the 
different types of growth mechanisms that can occur will be discussed in the next section.  
 
Crystal Growth 
Once a stable nucleus is established, it will then continue to grow in solution, known as crystal 
growth. Crystal growth is carried out in two consecutive steps: the transport of solute molecules 
(growth units) by diffusion from the supersaturated bulk solution to the surface of the crystal, and 
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integration of growth units onto the crystal surface for incorporation into the crystal lattice at 
appropriate sites. Several theories on the mechanism of crystal growth exist in the literature, such 
as the 2-Dimensional nucleation theory (also known as Birth + Spread model), (see Figure 1.3.4 
(a)), which is based on the adsorption of molecules on a layer-by-layer basis as the crystal grows. 
This theory involves nucleation of each layer on the crystal as it increases in size. However, some 
crystals have been reported to grow at supersaturations as low as 0.01 %8. Such a low driving force 
is not strong enough to create 2-Dimensional nucleation on the crystal face. Therefore, Burton, 
Cabrera, and Frank solved this issue with their theory of crystal growth by a spiral growth 
mechanism92 (Figure 1.3.5). It was established that the growth of crystals under low 
supersaturation can only be explained by the existence of defects on the surface of the crystal. 
When an imperfection is ceased at the surface of the crystal with a dislocation, growth takes place 
at the steps along the edge of the dislocation. Thus, 2-Dimensional nucleation is not required after 
the initial stable nucleus has been formed. Several examples for the growth rate of a surface 
growing in this manner exist in the literature8,92,93. The rate of growth is affected by various 
parameters including; supersaturation, temperature, the presence of impurities, the surface area 
available for growth and the affinity of the solute molecule for the solvent. There are two 
desolvation processes which must occur during the addition of each solute molecule to the crystal 
lattice during nucleation and crystal growth. Firstly, desolvation of the solute molecule in solution 
before it binds to the lattice must take place, and secondly, desolvation of the site on the lattice 
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Figure 1.3.4. A schematic of crystal growth (a) migration of solute towards the chosen location; (b) a 
fully completed surface layer; (c) surface nucleation.8 
 
 
Figure 1.3.5. A developing growth spiral which has been created from a screw dislocation8. 
 
The presence of impurities in a crystal growth experiment can either; suppress the growth entirely; 
enhance growth, or they may exert a highly selective effect, acting only on certain crystallographic 
faces, and hence modifying the crystal habit. Impurities can have an influence at very low 
concentrations (< 1ppm), or they may need to be present in large amounts before they have any 
effect. Impurities can change the properties of the solution, or the equilibrium saturation 
concentration, and thus the supersaturation. Impurities can alter the characteristics of the 
adsorption layer at the crystal-solution interface and effect the integration of growth units. There 
are three sites at which impurity molecules may become adsorbed and disrupt the flow of growth 





Figure 1.3.6. Illustrating the (a) kink, (b) step and (c) ledge faces at which impurity molecules can adsorb 
on a growing crystal.94 
 
 




Theoretical analyses of the influence of impurities on crystal growth have been reported by Bunn 
(1933), Lacmann and Stranksi (1958), Chernov (1965), Davey (1976) and Boistelle (1982)11. 
Cabrera–Vermilyea (1958) envisaged a general impurity effect in terms of a ‘pinning mechanism 
whereby the progress of growth layers on the surface of a crystal is blocked by individually 
adsorbed impurity molecules (see Figure 1.3.7)95. The impurities adsorb onto the crystal terraces 
but they do not incorporate into the crystal structure, i.e. they do not form a solid solution. When 
the number of adsorbed impurities on the crystal surface is small, curved segments of monosteps 
can form between the positions where such steps are pinned. When the concentration of impurities 
on the surface is increased, the development of steps between the adsorbed impurities becomes 
more problematic and step propagation is gradually reduced. Total inhibition of step motion on a 
crystal surface takes place when the average distance between adsorbed impurities, di, is less than 
twice the radius of the 2-Dimensional critical sized nucleus, ρc, i.e. when the step free energy of a 
curved step segment is greater than the decrease of chemical potential due to the integration of a 
growth unit from the aqueous solution into the step. The conditions for inhibition to occur, di < 2ρc 
is, thus, a direct influence of the so called Gibbs–Thomson effect, which links the free energy of a 
monostep interacting with an aqueous solution with the curvature of such a step. Figure 1.3.8, 
shows AFM images with better detail of crystals which have undergone step pinning. 
  
 
Figure 1.3.7. Illustrating a crystal surface on which impurities have pinned a monostep that is separating 








Figure 1.3.8. AFM image of L-cysteine crystal attained 12 minutes apart [A and B]. A pair of hexagonal 
hillocks created by two closely spaced dislocations [C and D]. AFM image of hexagonal growth hillock 
on the (001) face of L-cysteine before [E] and after [F] addition of L-cysteine dimethylester displaying a 
roughening of the {100} steps due to step pinning [E and F]96. 
 
The blockage of active sites by impurities can be connected to the concentration of impurity in 
solution through the Langmuir adsorption isotherm and numerous models applying this concept 
have been proposed (Davey and Mullin 1974; Black et al., 1986; Klug, 1993).  
Many techniques have been applied to investigate the fundamental mechanisms of crystal 
growth and crystal growth kinetics by tracking the growth rate of certain crystal faces97  and by 
determining the overall growth rates of the growing crystal98–103. For determining the face growth 
rates, a crystal is often mounted onto an object and exposed to a liquid flow of a homogeneous 
solution and monitored using 3D online imaging.  Wu et al., 201697, fixed a NaNO3 crystal onto a 
wire in a flow cell and directly measured the growth of specific faces of NaNO3 crystal using online 
3D imaging and ATR-FTIR to measure the real-time solution concentration simultaneously. In 
determining the overall growth rates, high quality and well-defined seeds are added to a 
supersaturated solution and suspended in an agitated reactor. A low supersaturation is necessary 
to avoid further nucleation, agglomeration or breakage. The decay in solution concentration can 
be monitored with high accuracy using in situ probes. For example, Cornel and Mazzotti, 200999, 
determined the crystal growth rates of paracetamol in water by seeded batch desupersaturation 
experiments monitored via in situ ATR-FTIR and Raman spectroscopy in a calibration free 
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method.  Qiu and Rasmuson, 1990103, presented results of a seeded, isothermal desupersaturation 
experiment with succinic acid crystals and evaluated the parameters in a diffusion and surface-
integration growth rate equation. Jia, Svärd and Rasmuson, 201798, also studied the influence of 
different organic solvents and crystallization temperatures on the crystal growth rate of salicylic 
acid via a seeded isothermal desupersaturation experiment. Few studies in the literature have 
investigated the crystallization of fairly simple compounds like;  Paracetamol99,106,107, 
Salicylamide 108 and Piracetam 109, but investigations into more complex and larger compounds 
are very scarce. In the pharmaceutical industry and in the literature, roughly 90 % of the active 
pharmaceutical ingredients studied with regards to crystal nucleation and growth are all with small 
organic molecules99,106,107,110, and so investigations into more complex materials such as Curcumin 
in this study is limited.  
 
Impurity Effects in Crystallization 
In literature, the influence of impurities on crystallization began in the 1950’s with a study on the 
effect of impurities on the crystal habit reported by Buckley (1951)19. Soon after, studies on the 
effect of impurities were completed to understand the mechanisms involved in altering the growth 
habit on a microscopic level19. The first significant study in this direction was published in the late 
1950-60’s by Frank (1958), Cabrera and Vermilyea (1958) Dunning et al (1965), Bliznakov (1959 
– 1965) and others19. The next phase of studies conducted on the influence of impurities 
commencing from the early eighties dealt with the design of structurally specific additives, known 
more commonly as tailor-made additives (Addadi et al., 1985; Berkovitch – Yellin, 1985; Shimon 
et al., 1986)19. These additives were thought to interact in very specific ways with selected faces 
of the crystallizing materials. They are created to have a portion, (i.e. chemical groups), that 
mimics the solute molecules and are readily adsorbed at specific growth sites on the crystal 
surface111. In addition, they are designed to have  a ‘reverse side’, which either chemically or 
structurally differs from the host molecule, thus, interrupting processes at the crystal faces111. 
 
Our current understanding of the mechanisms of adsorption of impurities during growth stem from 
literature published from the 1950 - 90’s. Today, numerous studies are been performed using 
tailor-made additives7,112,113, focusing heavily on their influence on the crystal morphology of the 
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crystallizing material. In the Curcumin system, the two impurities which originate with Curcumin 
are all structurally related, as they have the same chemical structure (see Table 1.6.1) the only 
difference being the presence or absence of a methoxy group on each ring. Therefore, these 
impurities are similar to tailor-made additives, in that they are structurally similar with slight 
differences to the main crystallizing material. Reports in literature utilize different additives 
(structurally related or different) to crystallizing materials to study there effects on the crystal 
nucleation/ growth/ morphology on the crystallizing material. Whereas, two structurally related 
impurities are used in this study and there influence on the crystallization of Curcumin is tracked 
from the very beginning (i.e. solubility, nucleation and growth) and their influences are compared. 
 
Influence of Impurities on Solubility and Nucleation 
It is difficult to predict the influence of an impurity on crystal solubility, as a change in the 
solubility of the crystallizing material caused by an impurity, associated with the reversible 
creation of a new chemical compound, may alter the surface concentration of growth species and 
the surface energy. Studies have shown that an impurity with a higher solubility than that of the 
crystallizing material will increase the growth rates and equally, an impurity with a lower solubility 
than that of the crystallizing material will decrease the growth rates19. However, at low impurity 
concentrations, the influence of the impurity on solubility is usually negligible (Davey et al., 
1986)19.  
Impurities can influence the nucleation behaviour of a crystallizing system even at very 
low concentrations11,114. Studies have shown that the nucleation kinetics of a solute molecule in 
the presence of an impurity was improved as the impurity reacts with the solute molecule to create 
a less soluble compound11,36. In a more recent study by Myerson et al115, on the nucleation 
inhibition of 3-nitrophenol in a toluene solution using 3- aminobenzoic acid inhibitor, verified that 
the presence of a very dilute hydrogen-bonding complexing agent can lead to a considerable 
reduction in the nucleation rates. It was noticed that with only 0.25 % molar concentration of 
additive to solute, the determined induction time for crystallization increased by 233 %. There was 
a decrease in the pre-exponential factor for the nucleation rate, while there was very little influence 
on the activation energy in this study by Myerson et al. A mechanism for the inhibition was put 
forward in which the creation of intermolecular complexes between solute and additive interrupts 
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the ordering step by impeding the rearrangement of molecules within clusters. This work reported 
by Myerson et al, indicates that most of the kinetic and thermodynamic properties of the 
crystallizing solution should remain unaffected in the presence of low concentrations of inhibitor. 
The authors work provide proof in their data that supports the existence of a two-step nucleation 
mechanism (see Figure 1.3.2) 115.  
Impurity effects are closely related to a given system, it cannot be generalized and many 
of the variables measured are related empirically. A reliable and global explanation of the 
occurrences of nucleation inhibition or enhancement by impurities does not exist, but a lot of 
attempts have been emerging20. A delay in nucleation and reduction in growth consequently leads 
to an increase in induction time and an increase in the MZW116. An important physical parameter 
of the nucleation activation energy is the interfacial energy. Therefore, the influence of impurities 
on nucleation may be estimated in terms of the influence on the solid-liquid interfacial energy. 
However, it must not be forgotten that the properties of the prenucleus structure is not fully known, 
and that even though the classical nucleation theory proposes the clusters to be fully ordered solid 
particles, this is not evidently in agreement with the physical reality. The adsorption of the impurity 
on the surface of 2D and 3D subcritical nuclei can generate centers that can be less active than the 
active centers available in the absence of the impurity molecules. This effect causes an increase in 
the interfacial energy which leads to a decrease in the growth of embryos to larger than critical 
size and consequently hindering nucleation117. The influence of impurities on nucleation is initially 
related to the strength of intermolecular bonds that are formed during the adsorption process114. 
Impurities can adsorb irreversibly into the host nucleus surface by certain interactions with their 
functional groups and this influence can be strengthened by additional deposition of solute 
molecules onto or next to the impurity molecule118 . Strong and specific interactions, such as 
electrostatic, van der Waals and hydrogen bonding interactions between functional groups of the 
impurity and the nucleus surface, essentially decide whether the impurity will adsorb or not. In 
some cases, the impurity can essentially substitute into the crystal lattice119. The ability of an 
impurity molecule to incorporate into a crystal lattice depends on its similarity in size, shape and 
intermolecular interactions with the crystallizing substance. Such thinking has been applied to 
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Influence of Impurities on Crystal Growth 
The presence of impurity molecules in solution can disturb the overall crystal growth31,114 and 
growth of certain crystal faces. So, the growth rates of the crystal face can be increased, decreased, 
or remain the same in the presence of impurities. Studies on the alteration of the crystal properties 
of paracetamol120 have revealed that crystal shape changes from prismatic to rectangular shape in 
the presence of gelatine, to triangular shape in the presence of agar and to a rod-like shape in the 
presence of polyvinylpyrrolidone. Impurities can also be built into the growing crystal, particularly 
if the impurity is similar to the growing crystal lattice. Chow et al, 1985121, revealed that the 
presence of the impurity p-acetoxyacetanilide (PAA) slows down the crystallization of 
paracetamol and is incorporated into the crystal lattice in small proportions (1%). Lechuga- 
Ballesteros and Rodrigues-Hornedo, 1993122, related the growth rate of L-alanine in the presence 
of L-phenylalanine and L-leucine with the surface coverage of the additive using a Langmuir 
isotherm. When all of the active sites on a growing face are occupied by an impurity, if the 
concentration of impurity in the solution is increased, there is tendency of the impurity to form 
aggregates around some adsorption sites, which may display hillocks on the crystal surface19. The 
impurity clusters may provide further sources of steps for crystal growth. So, instead of a decrease 
there is an increase in the crystal growth rate of a crystal face with impurity concentration. 
Experimental results of numerous investigations (Bliznakov and Kirkove, 1957, 1969; Davey, 
1979; Black et al., 1986 and others19) compellingly show that the growth rates of crystals growing 
in the presence of impurities decrease with an increase in concentration of impurity. However, in 
some circumstances (Draganova, 1981)19, at a low concentration of impurity, the decrease in 
growth rate was much larger than that at a higher impurity concentration22.  
Studies have been reported highlighting the significance of the molecular size of the 
additive used in crystal growth studies. As for instance, Barsukova et al, 1992, revealed that the 
influence of an additive on growth is related to the size of the inhibiting species and to the rate of 
growth of the growing crystal faces. Another study on the crystallization of L-glutanic acid 
crystals, showed that during the crystal growth of L-glutanic acid crystals in the presence of an 
impurity, the incorporation of the impurity decreased with increasing molecular volume of 
impurity (Harano and Yamamoto, 1982)19. A similar result was reported for the incorporation of 
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cationic species in ionic crystals where the uptake was found to be directly connected to the charge 
on the species and its molecular size (van der Sluis et al. 1986)19.  
 
Therefore, the mechanisms involved in the effect of  impurities on a crystallization have 
being  investigated to some extent30 as discussed above, but more recently, further interest has 
being devoted to the crystal habit alterations rather than the influence on the thermodynamic and 
kinetics aspects of crystallization. As a result, there have been fewer studies devoted to studying 
the influence of large, structurally-related impurities on the thermodynamic and kinetic factors of 




This research project aims to investigate how impurities influence the crystallization of a model 
compound. The overall goal of this research project is to investigate the effect of two structurally-
related impurities on the purification and crystallization of Curcumin. This study will address the 
following specific objectives: 
1. Purification process design to optimize purity and yield of Curcumin and the two 
impurities. 
2. To determine the solubility of Curcumin and to investigate the influence of impurities on 
its solubility. 
3. To determine the nucleation behaviour of Curcumin by measuring induction times for 
nucleation and the influence of impurities on nucleation behaviour  
4. To investigate the crystal growth rate of pure Curcumin at different crystallization 
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1.5 RESEARCH METHODOLOGY 
This research aims to answer the following question: How do structurally-related impurities 
influence the purification and crystallization of Curcumin, by conducting a thorough experimental 
investigation. The methodology of the approach that was adopted to answer this question is 
presented schematically in Figure 1.5. Prior to commencing experimental investigations, a review 
of published literature was carried out to determine the state of the art on purification techniques, 
influence of impurity molecules on solubility, nucleation and crystal growth of different model 
compounds, and to identify any gaps in the knowledge base.  
 Based on this, it was necessary to first develop an extraction and purification method to 
purify and separate the three curcuminoids, Curcumin (CUR), Demethoxycurcumin (DMC), and 
Bisdemethoxycurcumin (BDMC) from commercially available crude CUR. The focus of this work 
was on the following chromatographic treatment of the mother liquor from the crystallization to 
obtain pure DMC and BDMC and to increase the yield of pure CUR. In the chromatographic 
process spent liquors which had become enriched in DMC and BDMC from various crystallization 
runs were separated by column chromatography; a mixture of chloroform and methanol was used 
as the mobile phase with silica gel as the stationary phase. Each fraction isolated in the 
chromatographic process was characterized by HPLC and LC-MS techniques, and the pure CUR, 
DMC, and BDMC solid phases obtained were fully characterized by PXRD, DSC, and TGA. 
Stability studies were performed on the purified curcuminoids where degradation products were 
observed and analysed by HPLC/LC-MS.  
Once pure samples of the curcuminoids were obtained, the solubility of CUR in pure 
propan-2-ol and in impure propan-2-ol solution containing dissolved DMC or BDMC, at three 
different impurity concentrations over the temperature range of 283 K – 333 K was investigated 
in this study.  
Nucleation studies were then conducted where the influence of the structurally related 
impurities DMC and BDMC on the primary nucleation of CUR was investigated. The induction 
time for nucleation was measured at different CUR driving forces and impurity concentrations and 
the results are analysed by the CNT.  
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The growth rate of pure CUR and of CUR in the presence of the impurities in 
supersaturated propan-2-ol solutions was determined by seeded isothermal desupersaturation 
experiments at different Tcryst. In situ (ATR) UV-Vis and FBRM were used to monitor the solution 
concentrations and particles counts. The growth rates of CUR in both systems was examined by 
fitting a full power law equation model; the BCF model and the B+S model.  
 Finally, based on the results of the experimental investigations performed throughout the 
research project, the resulting influence of DMC and BDMC on the purification and crystallization 
of CUR was analysed.  
 
Figure 1.5. Schematic representation of the structure of, and relationship between, the experimental 









Turmeric (Curcuma longa L) is a yellow Indian spice obtained from the Zingiberaceae family. 
The rhizomes of Turmeric have a range of health promoting factors which have been used for 
centuries in traditional oriental medicine in India and South East Asia 123. Extracts obtained from 
Turmeric comprise a mixture of CUR, DMC and BDMC, altogether known as curcuminoids 
(Table.1.6.1). Among them, CUR, also known as diferuloylmethane (IUPAC name: (1E,4Z,6E)-
5-hydroxy-1,7-bis(4-hydroxy-3-methoxyphenyl)- hepta-1,4,6-trien-3-one)) is the most important 
component as it has been shown to have a wide spectrum of biological activities124–126, such as 
anti-inflammatory 127 anti-bacterial and anti-carcinogenic 128. Although CUR has many claimed 
health promoting factors, it has not yet been approved as a therapeutic agent, because of its poor 
stability, low solubility in water and poor bioavailability properties 129. In addition, it is an unstable 
compound when it is exposed to light or subjected to oxidative conditions, which cause the 
degradation of CUR into vanillin, vanillic acid and ferulic acid, see manuscript I in Appendix A 
for more information on this 130. CUR has three crystalline polymorphs Form I, II and III. Form I 
is the most stable form and its crystal structure was first reported by Tønnesen et al, 1982 131, and 
has since been investigated and studied by other groups. CUR Form II and III polymorphs were 
reported by Sanphui, Goud, Khandavilli, Bhanoth, et al., 2011132. The three crystalline polymorphs 
of CUR are displayed in Table 1.6.2. 
 
Table 1.6.1. Chemical structures of CUR, DMC and BDMC displaying the differences in the R1 and R2 










R1 -OCH3 -H -H 
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Table. 1.6.2. Crystal Parameters of CUR Polymorphs 132 
Curcumin Form I  Form II  Form III  
Space group P2/n Pca21 Pbca 
a/Å 12.5676(11) 35.417(3) 12.536(3) 
b/Å 7.0425(6) 7.7792(7) 7.9916(17) 
c/Å 19.9582(18) 12.6482(11) 34.462(7) 
α/° 90 90 90 
β/° 94.987(1) 90 90 
γ/° 90 90 90 
V/Å3 1759.8(3) 3484.7(5) 3452.3(13) 
Dcalcd/g cm-3 1.390 1.404 1.417 
Z/Z’ 4/1 8/2 8/1 
R1 [I > 2σ(I)] 0.0435 0.0513 0.0893 
wR2 (all) 0.1163 0.1218 0.1681 
Goodness-of-fit 1.054 1.083 0.930 
 
 
Figure 1.6.1. Images generated using CCDC Mercury software. CUR Form I = ref code: BINMEQ04; 
CUR Form II = ref code: BINMEQ06; CUR Form III = ref code: BINMEQ07133. 
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Section 2.1 Materials 
A condensed summary of the experimental method is given in this chapter. For a more detailed 
description of materials and experimental methodologies, see experimental sections in manuscripts 
located in Appendix A - D. 
2.1 Materials 
Commercially available crude CUR was purchased from Merck: (CAS number: 458-37-7) CUR 
>75% nominal purity - HPLC, area %; containing <20% DMC and <5% BDMC. Analytical 
standards of CUR (CAS number: 458-37-7, nominal purity >98%) were purchased from Sigma 
Aldrich. Vanillin (CAS number: 121-33-5) analytical standard and Vanillic acid (CAS number: 
121-34-6) were purchased from VWR. Silica gel (CAS number: 7631-86-9, 70-150 mesh) was 
purchased from VWR. Purified water obtained by Millipore Milli-Q water purification system was 
used for the preparation of the buffer solutions for HPLC/LC-MS. The solvents used in this project 
and some of their properties from corresponding Material Safety Data Sheets (MSDS) are outlined 
in Table 2.1. 
 
Table 2.1: The solvents and acid used in this project along with their list of properties: GMM; 
Gram Molecular Mass, Tm = melting temperature, Tbp = Boiling Point. 
Solvent Acronym GMM 
(g.mol-1) 








2- Propanol 2-Prop 60.1 -89 82 0.79 2.2 67-63-0 
Methanol MeOH 32.0 -97 65 0.79 0.5 67-56-1 
Chloroform CHCl3 119.4 -63 61 1.47 0.6 67-66-3 
Acetonitrile ACN 41.1 -46 82 0.78 0.3 75-05-8 









Tm (° C) 
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Acetic Acid AcOH 60.05 17 116-118 1.05 1.22 64-19-7 
 
Section 2.2 Techniques 
Pure material (> 99 % purity) is necessary to perform accurate and high-quality crystallization 
experiments, so the main purification method used and the characterization techniques used to 
analyse the isolated fractions in this thesis are outlined below.  
 
2.2 Analytical and Characterisation Techniques 
2.2.1 HPLC Calibration 
The HPLC system used was an “Agilent Technologies 1260 Infinity Series” comprising of a 
solvent 1260 Quat delivery pump, manual injector, absorbance detector (UV lamp and Vis lamp) 
and Agilent ChemStation software. A C18 column (4.6 x 100 mm) was used with 2 % acetic acid 
in water/acetonitrile (60/40, v/v) as the mobile phase. The mobile phase was freshly prepared, 
filtered and degassed daily before use. The experimental methodology was: flow rate: 1.000 
mL/min, simultaneous multichannel UV detection at 425 nm, 350 nm and 280 nm. Calibration 
standard curves were obtained using the HPLC by making up a stock of prepared/purified 
individual curcuminoids and known degradation products (Vanillin and Vanillic acid) in 
acetonitrile (Figure 2.2.1). The linearity of the calibration curves, calibration factors and validation 
errors of the developed analytical method are presented in Table 2.2.1. All of the calibration curves 
of the three curcuminoids showed good linearity within the test range (R2=0.999). The method 
showed good reproducibility provided that samples were analysed in darkness using cold 
H2O/ACN solvent (MREV < 3%). The molar extinction coefficients of the curcuminoids are; CUR 
= 0.0061 M-1cm-1; DMC = 0.0065 M-1cm-1 and BDMC = 0.0069 M-1cm-1. 
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Figure 2.2.1. HPLC calibration curves for CUR, DMC and BDMC. 
 
 
Table 2.2.1. Range and Linearity of the Calibration Curves, Calibration factors and Validation errors of 
the HPLC analytical method for curcuminoids quantification. 
 Range 
mg/dm3 
Retention time  
min 
Calibration factor 
μg mAU-1 s-1 dm-3 
R2 MREV* 
% 
CUR 0 – 15 5.01 6.1 0.999 2.9 
DMC 0 – 12 4.38 6.5 0.999 2.1 
BDMC  0 – 6 3.80 6.9 0.999 1.7 
* MREV – mean relative error of validation 
 
2.2.2 High Performance Liquid Chromatography (HPLC) 
HPLC was employed to identify the purity of each sample in all of the experiments in this thesis 
and to detect and monitor any degraded CUR samples. To perform the HPLC analysis, 1 mL of a 
mixture was made up of 50 μL of the sample with 950 μL of mobile phase and subjected to 
chromatographic analysis at 306 K.  Detection of the three curcuminoids was at 425 nm and 
detection of the keto form of the curcuminoids was at 350 nm. For all the three curcuminoids, 
sharp peaks (separated from the baseline) at 425 nm were obtained within 6 minutes and the order 
of elution was CUR, DMC and BDMC (see Figure 2.2.2). The mobile phase used contained water 
(60 % acetic acid in H2O/40 % ACN (60/40, v/v) solution) which facilitates the transformation of 
the enol tautomer to the keto form. Using a cold mobile phase along with fast needle injection 
showed either a decrease or disappearance of the keto peak at 350 nm. It was then concluded that 
this peak at 350 nm was due to the keto form of CUR which is supported by literature reports134. 
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In HPLC experiments, the keto tautomer peak at 350 nm was observed when the experiments were 
performed for pure CUR as well as for degraded CUR samples. In the organic polar solvents like 
MeOH, the enol tautomer is the most predominant one. This is because the enol tautomer has a 
planar conformation, that is stabilized by strong intramolecular H-bonding and π-conjugation is 
maintained across the planar molecule, which results in a UV-Vis absorption maximum around 
425 nm134. In contrast, less stable keto tautomer possesses the nonplanar conformation where 
carbonyl groups are in anti-positions, forming two non - conjugated fragments resulting in an 
absorption peak around 350 nm. Addition of water stabilizes the keto form as characterized by the 
presence of a UV adsorption shoulder at 350 nm; this observation was clearly explained in the 
literature based on DFT calculations135.  
 
 
Figure 2.2.2. HPLC chromatograms of crude curcuminoid material (crude), individual curcuminoid 
fractions (1, 3, and 5) isolated by column chromatography (see paper I, in Appendix A, Figure 1). 
 
2.2.3 Liquid Chromatography-Mass Spectroscopy (LC-MS)  
An Agilent Technologies 6120 Quadrupole LC-MS (model G6120B) was used for characterizing 
the purified curcuminoid components and to identify the degradation products (see Figure 2.2.3.1 
and 2.2.3.2). LC-MS analysis was performed for each isolated compound using an electrospray 
ionization source in negative ion mode. Capillary voltage was maintained at 4.6 kV, source 
temperature was set at 623 K and nitrogen was used as the drying gas (12 dm3/min). The new 
peaks which were identified by the HPLC method were considered as degradation products and 
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were separated by LC-MS using an Agilent C18 column (2.7 μm, 100 x 4.6 mm; Poroshell 120 
EC, Agilent) under isocratic elution flow of acetonitrile and water (70/30, v/v) in 0.1 % formic 




Figure 2.2.3.1 The chemical structure of (a) trans-6-(4′-hydroxy-3′-methoxyphenyl)-2,4-dioxo-5- hexenal 




Figure 2.2.3.2 MS spectra (ESI-negative mode) of purified curcuminoid samples: (a) CUR, (b) DMC, (c) 
BDMC and (d) degraded CUR (7h), See paper I, in Appendix A, experimental section: LC-MS analysis. 
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2.2.4 Stability Study 
A stability study was performed on mixed curcuminoid samples as well as on the individual 
curcuminoid standards. The stability of the curcuminoids was assessed by analyzing individual 
curcuminoid samples dissolved in H2O/ACN, exposed to light for 24 hours and subjected for 
HPLC analysis over a UV–Vis range of 280 – 425 nm. The known degradation products vanillin, 
vanillic acid and ferulic acid each exhibited a significant absorbance at 280 nm34 (Figure 2.2.4 
(b)). Samples were analyzed for a percentage loss of individual curcuminoids along with the 





Figure 2.2.4. (a) HPLC chromatograms of crude curcuminoid material (crude), individual curcuminoid 
fractions (1, 3, and 5) isolated by column chromatography, (b) The degradation products of the three 
curcuminoids detected at 280 nm (these samples were deliberately degraded by exposing them to light). 
 
2.2.5 Thermogravimetric (TGA)  
A Q50 TGA from TA instruments was used for the TGA analysis (see Figure 2.2.5 (a)). 
Experiments were performed using aluminium pans under a controlled N2 environment (40 
mL/min) over a temperature range of 0 - 573 K at a heating rate of 293 K/min. The results were 
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2.2.6 Differential Scanning Calorimetry (DSC) 
A Q2000 DSC from TA instruments was used to perform the thermal analysis of all three 
curcuminoid components (Figure 2.2.5 (b)). Experiments were carried out by using hermetic 
aluminium pans which contains a definite mass of each of the samples and sealed with a Tzero 
press. The temperature range used for the analysis was 0 – 523 K under N2 atmosphere (40 
mL/min) using a heat – cool run. The results were analysed as heat flow (W/g) vs temperature (°C) 
using TA Instruments Universal 2000 software (Universal V4. 5A).  Table 2.2.6 shows the 
obtained DSC thermal analysis data of the three curcuminoids. 
 
(a)











































Figure 2.2.5.  (a) TGA and (b) DSC of the purified curcuminoid samples. 
 
 
Table 2.2.6. DSC thermal analysis data of the three curcuminoids components. 
Curcuminoid: Tm onset (K)  Peak Temperature (K) 
CUR 453.85 455.32 
DMC 440.14 443.38 
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2.2.7 Powder X-ray Diffraction (PXRD) 
All diffraction patterns were recorded on a PANalytical EMPYREAN diffractometer system using 
Bragg−Brentano geometry and an incident beam of Cu K-alpha radiation (λ = 1.5406 Å). Room 
temperature scans were performed on a spinning silicon sample holder. (Step size = 0.013 °2θ and 
step time = 32 (s)).  
 
2.3 Microscopy Techniques 
2.3.1 Scanning Electron Microscopy (SEM) 
Hitachi SU-70 Field Emission SEM was used to observe curcuminoid samples in their native state, 
conductive coatings were not used. As a result, a low primary electron beam energy (1 keV) was 
used for all image acquisitions in order to minimize specimen charging. 
2.3.2 Morphology G3 Microscope 
Morphology G3 microscope (Malvern instruments) was used to determine the HS Circularity and 
CE Diameter (µm) of curcuminoid samples. Images of the curcuminoid samples were obtained 
using optic 5x magnification. 
 
2.4 In-situ Techniques 
A Zeiss MCS651 spectrometer fitted with a Hellma 661.812 Attenuated Total Reflection (ATR) 
UV-Vis fiber optic immersion probe (supplied by Clairet Scientific, Northampton, UK) was used 
to measure the changes in the solution concentration of CUR by measuring the absorbance of CUR 
at a scan time of every 1 min-1. The spectral wavelength used was 199 – 600 nm using Aspect plus 
software. The curcuminoids absorb in the UV – Visible wavelength at 425 nm. Focused beam 
reflectance measurement (FBRM, Model G400 manufactured by Mettler-Toledo) was used to 
measure the chord length distributions (CLD) and to record the change in count rate at a 
measurement time of 10 s using the iCFBRM software. Figure 2.4 shows a typical UV-Vis and 
FBRM measurements from a crystal growth experiment. 
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Figure 2.4.1. FBRM Data from a crystal growth experiment (S0=2 and Tcryst =283 K) showing the total 
counts of particles <10 µm, particles 10 – 100 µm, particles 100 – 1000 µm and UV-Vis absorbance 
showing the concentration decay of CUR in solution over time (blue). The data is consistent with no 
nucleation only growth during the growth experiments. 
 
Section 2.5 Experimental Methodologies 
The principal experiments of the project involved the nucleation and crystal growth of pure CUR 
and of CUR in the presence of DMC and BDMC impurities. The curcuminoid material (CUR, 
DMC and BDMC) had to be purified and isolated first before use, followed by a stability study of 
the curcuminoids so degradation of the curcuminoids could be controlled and avoided. Solubility 
studies were then conducted in order to determine the solubility of the curcuminoids before any 
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2.5.1 Chromatographic Separation 
Besides various preliminary experiments, three column chromatography experiments were 
performed in total at two different scales, one at a smaller scale (column diameter: 20 mm) and 
two at a larger scale (column diameter: 73 mm). The results of these experiments are described in 
Chapter four. The best results obtained at a large scale are reported here. The adsorbent used as 
stationary phase was silica gel (70−150 mesh). Chloroform and methanol solvent mixtures were 
used as the mobile phase. Other solvents such as 1, 2-dichloroethane were tested as the mobile 
phase in a preliminary experiment but did not give good separation of the curcuminoids. The 
column under operation is shown Figure 2.5.1 (high-capacity column, 2000 mL, 73.0mm × 610 
mm, Aldrich). The bottom half of the column was packed with dry silica gel to approximately 220 
mm stationary bed column height. The methanol−chloroform (wt/%) ratio used was always less 
than 10 % as it is known that silica may dissolve in more than 10 % methanol. The sample and 
chloroform mixture was mixed with silica gel (11 g of solid curcumin mixture mixed with 15 g of 
silica gel), and this silica slurry was placed on top of the silica gel. A piece of cotton wool was 
soaked with chloroform solvent and placed on top of the slurry to prevent disruption of the slurry 
layer. Using a constant mobile phase flow rate of 15 mL/min, a nonisocratic elution mode was 
used with a stepwise gradually increasing concentration of methanol in the chloroform-methanol 
mobile phase. Each curcuminoid was obtained in pure form in the order CUR, DMC, and BDMC 
by increasing the polarity of the mobile phase. 
 
 




Figure 2.5.1.  High-Capacity Column Chromatography Setup. 
 
2.5.2 Solubility 
Saturated solutions of pure CUR Form I polymorph in contact with excess crystalline CUR were 
prepared for the solubility analysis of the CUR in pure propan-2-ol solution and in impure propan-
2-ol solution (containing DMC or BDMC impurity). Thus in the crystallization studies of CUR in 
impure solutions, accurate supersaturation values were calculated as they are based on the 
solubility of CUR in the presence of different concentrations of DMC or BDMC. Form I CUR 
polymorph was verified using PXRD by analysing a dry sample of CUR from pure IPA solution, 
which was obtained after weighing the evaporated solid for solubility measurement. The 
polymorphs of CUR can also be identified visually as Form I is yellow-orange and Form II is red-
orange and Form III is dark red. All solubility experiments were prepared in sealed glass vials 
(replicate of 3 glass vials for each temperature), submerged in a temperature-controlled water bath 
(solution temperatures were controlled by an external chiller (specified temperature stability ± 0.01 
K) and agitated by using magnetic stir bars. Before obtaining samples from the vials, the excess 
crystals inside the glass vials were allowed to settle for 24 hours. For the gravimetric determination 
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of solution concentration, using a syringe, 2 mL of the saturated solution samples was filtered 
using PTFE membrane filters (pore size 0.2 µm) into a new glass vial, where 1 mL aliquots of this 
filtered sample was pipetted into each of the 3 empty amber HPLC glass vials (3 amber HPLC 
vials for each temperature) which were previously weighed empty, and the weight of the full vial 
with solution was immediately recorded. The amber HPLC vials containing clear solution were 
placed in a fume hood at room temperature and weighed when completely dry (all vials were left 
on a top of a hot plate at 313 K inside in the fume hood to dry for two to three weeks before 
weighing). All weighing was done using a Mettler AE240 balance, complete dryness was verified 
by repeated weighing. The solution concentration C was established from the weights of the empty 






      (15) 
CUR in pure propan-2-ol and CUR in impure propan-2-ol samples were gathered over the 
temperature range 283 K – 333 K, with increments of 278 K. All of the syringes and filters used 
for sampling were preheated at 338 K (beyond the temperature of the solution) to prevent 
crystallization of the CUR in pure propan-2-ol and CUR in impure propan-2-ol samples during 
sampling. Therefore, taking into consideration the known concentration of impurity added and the 
volume of sample taken for the gravimetric analysis, a calculation was made and the mass of 
impurity in the solid sample was substracted from the final mass of the solid, so the solubility 
results reported from this gravimetric method are of CUR only.  
 
2.5.3 Nucleation Experiment 
Solutions (150 cm3) of CUR in pure propan-2-ol solvent were prepared in sealed 200 mL glass 
bottles by weighing out predefined masses of solid CUR and solvent (propan-2-ol) producing four 
different CUR supersaturations; S = 4.90, 4.29, 3.81, and 3.16, where S is defined as C/C*. The 
impurity, DMC or BDMC was added in solid form to the CUR/propan-2-ol solution and dissolved 
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to reach impurity concentrations of 0.10, 0.30, and 0.60 mmol.dm−3. The glass flasks were closed 
tightly and sealed with parafilm to prevent any evaporation of solvent from the flask upon heating 
above the saturation temperature (Tsat + 5 C) in a water bath. The solutions were stirred for an 
hour using magnetic stir bars during dissolution to make sure all solid material had been dissolved. 
For each batch of nucleation experiments, the dissolved solutions were quickly filtered using 
preheated PTFE luer-lock syringes and 0.2 μm filters into ten 15 mL glass test vials (10 mL per 
vial). The glass vials were coated in a UV- protection clear film to prevent the degradation of the 
CUR solution in light136. Each batch of test vials was first kept in a thermostatic bath at the 
dissolution temperature of Tsat + 278 K under magnetic stirring using Teflon coated magnetic stir 
bars at 400 rpm, for 60 min, and then rapidly transferred to a second bath kept at the nucleation 
temperature, 293 K, which was steadily maintained for as long as was necessary for crystals to 
form in all of the vials. Agitation was provided by a multipole submersible stirring plate (2 Mag). 
The vials were continuously monitored and the time for nucleation was recorded by using a high 
definition web camera. The onset of nucleation was observed as a very rapid change from a clear 
to a cloudy solution. In all nucleation experiments, with and without the presence of impurities, a 
characteristic yellowish colour of suspension137 indicated crystallization of the stable Form I CUR, 
which was also confirmed by in- situ Raman spectroscopy and X-ray powder diffraction 
(PANalytical EMPYREAN diffractometer system using Bragg−Brentano geometry and an 
incident beam of Cu K-alpha radiation (λ = 1.5406 Å)) of isolated CUR crystals. The induction 
time of each test vial was identified as the time elapsed from the moment the vial was submerged 
in the water bath at the nucleation temperature until the point when clear to cloudy could be 
observed for the first time. The time required for complete temperature equilibration was measured 
separately with a control tube of pure solvent and an in-situ calibrated temperature probe 
(Dostmann P600) and was less than 5 min. Once all the tubes had nucleated, they were transferred 
back to the water bath at dissolution temperature of Tsat + 5 C where complete dissolution 
occurred, and equilibration was allowed for 1 h. The cycle was repeated ten times until 
approximately 100 nucleation events (for higher supersaturations 4.90, 4.29, 4.23) and 
approximately 50 nucleation events (for lower supersaturations 3.81, 3.16) were recorded for a 
given driving force. A colour change in the homogeneous solution was observed upon extended 
time at elevated temperatures indicating that the CUR molecules would degrade in spite of the 
 
 
66 | P a g e  
 
 
coating film. Accordingly, each batch of tubes was subjected to temperatures of 338 K for no more 
than 1 h. For each separate driving force, a new batch of tubes was prepared, and each solution 
was recycled two to three times over a period of a couple of days. Besides monitoring the solutions 
visually, after each cycle one tube of each batch was analysed by HPLC using multichannel UV 
detection at 425 nm (characteristic wavelength of the three curcuminoids) and 280 nm (degradation 
products of CUR, such as ferulic acid, vanillin, and vanillic acid) to verify that there was no 
detectable degradation136. Following degradation of CUR, induction times would be prolonged by 
hours or even days, with some vials not nucleating at all. The nucleation set-up is illustrated in 
Figure 2.5.3.   
 
 
Figure 2.5.3. Illustrating the experimental nucleation set-up. 
 
2.5.4 Crystal Growth  
2.5.4.1 Pure CUR Seed Preparation  
A 10 L glass reactor was used to prepare pure CUR seed particles for all the crystal growth 
experiments. A calculated mass of commercial crude CUR (Merck) was added to the reactor 
containing 10 L of propan-2-ol. The reactor was covered in aluminium foil at all times to prevent 
the degradation of CUR by sunlight136. The crude material was dissolved at 338 K for 1 hour at 
400 rpm until a clear solution was obtained. Using a Mettler Toledo touch pad, a cooling profile 
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was set-up at 0.1 °C /min 338 K to – 278 K at 100 rpm.  After three days, the solution was filtered 
using a ceramic Buchner funnel into a 10 L glass Buchner flask under vacuum filtration. The 
collected filtrate was dried in the oven and then recrystallized in the 10 L reactor for another 
cooling crystallization at the same experimental conditions. Three to four recrystallizations of 
crude CUR in propan-2-ol at slow stirring (100 rpm) were carried out to obtain >99 % pure CUR 
seed particles. After the last recrystallization, the seed particles were filtered, washed gently with 
a mixture of propan-2-ol/water and put into the oven to dry at 324 K for three days. The resulting 
solids were characterised by HPLC, PXRD and SEM, and the particle size distribution, circularity 
(4 π Area/perimeter2) and shape determined. Approximately 30g of CUR seed particles was 
obtained. In this study, the seed material was not sieved because of the fragility of the particles. 
Consequently, using a metal spatula, particles of similar size (dictated by the naked eye) were 
taken from the seed particle batch  each time and weighed for the crystal growth experiments.  
Many experiments were performed with the ambition of obtaining large single crystals of 
CUR to be used as seeds in the growth experiments. However, the single crystals are very tiny, 
brittle, needle agglomerates and were always obtained after every recrystallization experiment in 
spite of altering e.g temperature and agitation. Because of this, these seed particles had to be used 
in all of the growth experiments. Of course single crystal growth experiments would have been 
ideal but CUR is a very complex system and after numerous trials and months spent to obtain high 
quality single crystals, only spherical agglomerate particles could be obtained. Therefore, 
analysing the growth of these agglomerates in solution was conducted in all of the growth 
experiments. However, spherical shaped agglomerates are of interest in the manufacturing of the 
formulation of the drug because of high surface area, while still having favorable solid-liquid 
separation properties and potentially superior compaction properies138.  
2.5.4.2 Crystal Growth of Pure CUR 
Table 2.5.4.2 shows the conditions of the different growth experiments of pure CUR (no impurities 
are present). A crystallization temperature of 293 K was used in some of the experiments at 
different initial supersaturations; S0 (C/C*) range: 1.2 to 2.0. Further, a range (283 K (minimum) 
to 318 K (maximum)) of crystallization temperatures were used in other crystallization 
experiments. An ATR UV-Visible spectroscopy probe was used to measure the changes in the 
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solution concentration of CUR by measuring the absorbance of CUR over time. A Mettler Toledo 
Easymax 402 400 mL glass reactor was used with a stainless-steel overhead 4-blade stirrer. The 
volume of solvent used for the crystallization experiments was 150 mL (117.9 g propan-2-ol) or 
300 mL (235.8 g propan-2-ol). The experiments with larger solution volume were carried out in 
an Optimax reactor (Mettler Toledo). Both reactors were equipped with an accurate temperature 
control (PT 100 thermocouple). To avoid any vortexing, mixing dead zones and to guarantee 
complete mixing inside in the reactor, two beavertail baffles with a baffle clearance of 0.4 cm were 
positioned inside in the crystallizer.  
Table 2.5.4.2. A full description of all of the crystal growth experiments undertaken with pure CUR. Four 
different blocks of experiments were performed with variances in the crystallization parameters used, i.e. 
















 1 2.0 283 200 150 0.23 15 
 2 2.0 288 200 150 0.24 15 
Constant S, 3 2.0 293 200 150 0.25 15 
Different Tcryst 4 2.0 298 200 150 0.29 15 
 5 2.0 308 200 150 0.45 15 
 6 2.0 318 200 150 0.72 15 
 7 1.2 293 200 150 0.15 15 
Different S, 
Constant Tcryst 
8 1.5 293 200 150 0.19 15 
 9 2.0 293 200 150 0.25 15 
 10 1.5 293 200 300 0.38 10 
Different Agitation 11 1.5 293 600 300 0.38 10 
aAll initial supersaturation ratios (S0) and supersaturation ratios (S = C/C*) are based on the solubility of pure CUR 
previously reported139. bThe seed loading was set to account for a percentage of the expected yield for the 
crystallization at the experimental conditions calculated as (C-C*). 
 
For every crystallization experiment, the pure CUR was dissolved in the appropriate amount of 
solvent at 338 K for one hour at an impeller speed of 400 rpm to ensure that all of the solids were 
dissolved. The glass window at the front of the Easymax reactor was always covered in aluminium 
foil to prevent any degradation of the CUR solution from sunlight136. After one hour the CUR had 
fully dissolved and the reactor temperature was reduced to the desired crystallization temperature. 
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The ATR UV-Visible spectroscopy probe was switched on half an hour before using it in the 
crystallizer and an internal and external calibration of the probe was performed before every run. 
Once the temperature of the reactor was close to the chosen growth temperature, the overhead 
stirrer was paused, and the cleaned ATR UV-Visible probe was inserted and positioned in the 
centre of the reactor and away from the impeller tip. Focused beam reflectance measurement 
(FBRM, Model G400 manufactured by Mettler-Toledo) probe was also used to measure the chord 
length distributions (CLD) and to record the change in the number of counts with time (period of 
10 s). When the impeller was turned back on both probes were started simultaneously to collect 
data. Once the UV-Visible and FBRM signals had settled to steady state response, the impeller 
speed was reduced to 200 rpm and the previously weighed mass of seed particles was added to the 
reactor. The mass deposition upon complete desupersaturation was estimated to be 6-10-fold 
increase in the mass of seed added. All experiments were operated for 24 hours minimum. An 
example of the UV-Vis and FBRM data obtained during a run is illustrated in Figure 2.4. As it can 
be seen, virtually constant number of counts after seeding confirmed that no significant secondary 
nucleation, agglomeration or breakage took place during the runs. The decrease in absorbance at 
425 nm measured by the UV-Vis probe is related to the decrease of solute concentration in the 
liquid-phase. After growth, the particles were harvested, filtered and dried. The particle size and 
shape was measured and the polymorphic outcome (stable Form I CUR) was confirmed by PXRD 
(see Appendix A, Paper III) in order to ensure that no polymorphic transformation occurred during 
the runs. HPLC was used to check the purity of the CUR seed particles (100 % pure, HPLC area 
%) and CUR crystal product (100 % pure, HPLC area %). 
 
2.5.4.3 Crystal Growth of CUR from Solution Containing Impurities 
An initial CUR supersaturation (C/C*) of 2.0 (this supersaturation was based on the solubility of 
CUR in the corresponding solutions containing impurities) was used throughout all the crystal 
growth experiments. The crystallization temperatures used were: 283 K, 293 K and 308 K to see 
what influence the impurities individually had on the crystal growth of CUR. The impurity 
concentrations used were 0.10, 0.30 and 0.60 mmol.dm-3, similar impurity concentrations which 
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were used in the nucleation study of CUR. The CUR seed particles used in these experiments are 
the same seeds which were used in the growth experiments of pure CUR. The required amount of 
pure CUR needed to generate a supersaturation of 2.0 at the crystal growth temperature was 
dissolved in 117.9 g (150 mL) propan-2-ol at 333 K for one hour at 350 rpm. Once the CUR was 
completely dissolved, a weighed mass (depending on what concentration was been used) of DMC 
or BDMC was added to the dissolved CUR solution at 333 K and stirred for one hour at 350 rpm. 
The CUR/impurity solution was cooled down and agitated in the same way as mentioned in the 
crystal growth of the pure CUR system. A UV-Visible and FBRM probe were both inserted into 
the center of the reactor away from the impeller. When the signals from both Uv-Visible and 
FBRM probes had stabilized, a certain mass of pure CUR seed (10 % of C0 – C*) was added to 
the reactor. Typically, crystal growth was monitored for over 8 hours.  At the end of each 
experiment, the crystallized solution was filtered, and the crystals gently washed in a small amount 
of a 50:50 mixture of propan-2-ol and water. The crystals could dry for a few days before being 
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CHAPTER 3.0    
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3.0 Results & Analysis 
3.1 Purified CUR, DMC & BDMC 
Using a constant mobile phase flow rate of 15 mL/min, a nonisocratic elution profile was used by 
gradually increasing the concentration of methanol in the chloroform−methanol mobile phase. 
Starting from pure chloroform solvent, pure CUR was eluted from the column. Then increasing 
the methanol content to 0.4% initially elutes a mixture of the remaining CUR together with DMC, 
after which a pure DMC fraction is recovered. In the third step the methanol concentration is 
increased to 0.7%, which initially gives a mixture of remaining DMC together with BDMC, and 
then a fraction of pure BDMC is obtained. The overall history of the solvent used for each 
curcuminoids separation, mass collected from the column and purity of each fraction is listed in 
Table 3.1. The overall mass of purified CUR, DMC and BDMC fractions obtained from 11.0 g of 
crude CUR was 8.7 g, i.e. 79 % overall yield. There was 6.7% loss of curcuminoids retained on 
the column and 13.6% loss in fractions where the separation of the curcuminoids is insufficient. 
The yield of each of the isolated curcuminoids in the column chromatography was 81% CUR, 
79.7% DMC and 68.8% BDMC. Over the combined process of using a multistep crystallization 
followed by column chromatography of the remaining mother liquors the yield of pure CUR is 
88.5%. Of course, the mixed fractions collected between the pure fractions can be recycled to the 
next sample to be separated on the column. The purity of each fraction as determined by HPLC is 












73 | P a g e  
 
 
Table 3.1. The elution profile from column chromatography: methanol fraction in chloroform (wt %), 
total volume of solvent used (V), mass collected and the purity of each fraction from a mixture sample 
containing 11 g of curcuminoids. 






































3.2 Chemical and Thermal Stability Analysis 
The percentage loss of individual curcuminoids was calculated and plotted against time as shown 
in Figure 3.2.1. It was clearly understood that CUR rapidly degrades in an aqueous environment 
(H2O/ACN, 60/40) and degrades even more when exposed to light18.  50% of CUR had 
decomposed after 4 h;  complete decomposition was observed after 24 h (solution loses its 
characteristic yellow colour and becomes transparent) when exposed to direct sunlight. On the 
other hand, (B)DMC shows somewhat better stability than CUR as 35% DMC and 15% of BDMC 
had degraded after 4 h, whereas 80% DMC and 20% BDMC had decomposed after 24 h. 
Interestingly, contradictory results were obtained when the stability experiments were performed 
for a crude curcuminoid mixture; 50% of CUR remains after 24 h, and around 80% and 70% of 
DMC and BDMC, respectively (Figure 3.2.1 (b)).  
During the stability experiments, a significant loss of the curcuminoids was observed but 
only trace amounts of the known degradation products VAN and VAD were detected by HPLC 
(about 3 % w/w with respect to the initial curcuminoid content). From this, it is understood that 
these are minor degradation products so that other unidentified products formed, as already 
reported in the literature 38- 41. MS analysis of degraded samples exhibited a number of new peaks, 
including a high-intensity peak at 248, identified as trans-6-(4′-hydroxy-3′-methoxyphenyl)-2,4-
dioxo-5-hexenal 18, 38, 39(see Chapter 2 to view the LC-MS data). The VAN, VAD and trans-6-(4′-
hydroxy-3′-methoxyphenyl)-2,4-dioxo-5-hexenal are obtained through photo-oxidation of the 
 
 
74 | P a g e  
 
 
double bond which is present alpha to the carbonyl group of the curcuminoids, leading to the 
generation of the aldehydes and carboxylic acids. Other degradation products are formed by further 
oxidative degradation of the trans-6-(4′-hydroxy-3′-methoxyphenyl)-2,4-dioxo-5-hexenal 
component. No reports that the degradation products exist in a diketo – enol equilibrium have been 
found in literature so far. 
 
 
Figure 3.2.1. Degradation of curcuminoid samples dissolved in H2O/ACN (60/40, v/v) and exposed to 
light; (a) individual pure curcuminoids and (b) crude curcuminoid mixture. 
 
TGA was performed on the purified fractions, CUR shows a weight loss at around 457 K 
whereas DMC and BDMC components show a weight loss at 445 K and 415 K, respectively. In 
addition, the weight-loss of CUR and DMC exhibits a gradual decrease, while that of the BDMC 
occurs more rapidly at an earlier stage. Thus, based on the decomposition values, it was concluded 
that BDMC has a lower thermal stability than CUR and DMC. On the other hand, the DSC 
experiments indicate that BDMC is thermodynamically more stable than CUR and DMC. The 
melting point for CUR is in accordance with literature values 45 (CUR: 454.35 K). The order of 
stability for the three curcuminoid components based on the decomposition temperature is BDMC 
< DMC < CUR and based on melting temperature (onset) is DMC < CUR < BDMC.  
PXRD was performed on the purified curcuminoid solid samples. Sharp crystalline peaks 
were obtained for CUR and BDMC. DMC exhibited a sharp diffraction peak at a  2θ value greater 
than 38 °. The DMC pattern was more consistent with a disordered structure at interlayer d-spacing 
values more than 2.4 Å, i.e. peaks below 38 ° 2θ and an order in interlayer d-spacing values less 
than 2.4 Å, i.e. above 38° 2θ. The obtained PXRD pattern of separated CUR sample matched with 
the experimental PXRD of Form I (monoclinic) of CUR and with the CCDC crystallinity ref code 
 
 
75 | P a g e  
 
 
of Form I CUR BINMEQ04. The crystal structure of both DMC and BDMC are not yet reported 
in the CCDC database. Thus, the PXRD pattern for both DMC and BDMC were reported as shown 
in the Figure 3.2.2. A full PXRD of DMC collected from 5-80 ° 2θ value showed a low crystallinity 
of DMC with some amorphous nature at a low 2 theta. The PXRD of DMC did not match a PXRD 
of silica or a PXRD of the metal sample holder. No match of DMC or BDMC was found with the 
other polymorphic forms of CUR37 when the diffraction patterns were compared. 
 
 
Figure.3.2.2. The PXRD pattern of the three curcuminoids; Cu K-α  λ = 1.5406 Å. 
 
3.3 Solubility 
The solubility of pure CUR crystals Form I in propan-2-ol measured as a function of temperature 
and impurity concentration is shown in Figure 3.3.1. Each point is the mean value of triplicates of 
each experimental point. The solubility differences between pure CUR and CUR with impurity in 
Figure 3.3.1 are typically 10 % at 283 K. Impurities present in the solution leads to a decrease in 
the solubility of the pure solid phase of CUR.  Table 3.3.1 displays the exact solubility values 








Figure 3.3.1. Solubility plot of pure CUR crystals in pure propan-2-ol and pure CUR crystals in impure 
propan-2-ol solvent. Showing [CUR] versus Temperature (K). 
 
Table 3.3.1. Solubility of pure CUR in pure propan-2-ol (PURE) and pure CUR in Impure propan-2-ol 
(IMPURE) at different DMC and BDMC concentrations in propan-2-ol solvent with associated ± 
standard deviations between 283 K and 333 K. The mass of impurity has been subtracted from the final 
















































283 0.80 ± 0.0001 0.77 ± 0.0001 0.73 ± 0.0001 0.75 ± 0.0001 0.71 ± 0.0001 0.72 ± 0.0001 0.70 ± 0.0001 
288 0.83 ± 0.0001 0.80 ± 0.0001 0.77 ± 0.0001 0.77 ± 0.0001 0.73 ± 0.0001 0.74 ± 0.0001 0.72 ± 0.0001 
293 0.87 ± 0.0001 0.87 ± 0.0001 0.83 ± 0.0001 0.83 ± 0.0001 0.80 ± 0.0002 0.75 ± 0.0001 0.73 ± 0.0001 
298 1.03 ± 0.0001 0.97 ± 0.0001 0.93 ± 0.0001 0.90 ± 0.0001 0.87 ± 0.0001 0.84 ± 0.0001 0.82 ± 0.0001 
303 1.20 ± 0.0001 1.10 ± 0.0002 1.07 ± 0.0001 1.10 ± 0.0002 1.07 ± 0.0001 1.00 ± 0.0001 0.97 ± 0.0001 
308 1.50 ± 0.0001 1.40 ± 0.0001 1.37 ± 0.0001 1.40 ± 0.0001 1.33 ± 0.0003 1.30 ± 0.0001 1.27 ± 0.0001 
313 1.83 ± 0.0001 1.77 ± 0.0001 1.73 ± 0.0001 1.77 ± 0.0002 1.70 ± 0.0001 1.61 ± 0.0002 1.60 ± 0.0002 
318 2.43 ± 0.0001 2.30 ± 0.0001 2.27 ± 0.0001 2.27 ± 0.0001 2.23 ± 0.0001 2.23 ± 0.0001 2.20 ± 0.0001 
323 3.03 ± 0.0001 3.01 ± 0.0001 2.97 ± 0.0001 2.90 ± 0.0002 2.87 ± 0.0001 2.83 ± 0.0001 2.80 ± 0.0001 
328 3.83 ± 0.0001 3.70 ± 0.0001 3.67 ± 0.0001 3.70 ± 0.0002 3.63 ± 0.0001 3.61 ± 0.0001 3.60 ± 0.0002 
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In the gravimetric technique for measuring solubility of a compound, the dried mass weighed in 
the end should only contain the solute of interest so accurate solubility of the solute can be 
obtained. Therefore, by crosschecking the samples with HPLC prior to evaporation for gravimetric 
analysis, confidence is gained in the obtained solubility data from the gravimetric method, as the 
chromatogram peaks of the constituents in that sample can be visually identified and the purity 
confirmed. Typical HPLC chromatograms are displayed in Figure 3.3.2. 
(a)       (b)  
Figure 3.3.2. HPLC chromatograms of CUR solid from an  impure propan-2-ol containing (a) 0.10 
mmol.dm-3 DMC and (b) 0.10 mmol.dm-3 BDMC impurity at 283 K. 
Single peaks of CUR are displayed with a peak of DMC impurity (retention time 4.5 min) in Figure 
3.3.2 (a) and a peak of BDMC (retention time 3.9 min) in Figure 3.3.2 (b).  
 
3.4 Nucleation 
The cumulative exponential-based probability distribution function in eqn 16, has been used to 
examine the induction time data obtained from the nucleation experiments.   
 
P(t) = 1 - exp(-JV(t - tg))                          (16) 
 
This equation was fitted to the nucleation data using the data analysis software Origin 7.0. 
Induction time distributions are shown in Figure 3.4.1. The solid lines represent eqn (16) fitted to 
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each set of data, and the resulting nucleation rate (J) and time of growth to visibility (tg) values are 
given in Table 3.4.1.   
 
(a)           (b)  
(c)  
Figure.3.4.1. Induction time distributions: (a) for CUR in pure solutions at different supersaturation ratios 
(b) for CUR at S = 3.16 in the presence of different concentrations of DMC (mmol.dm-3) and (c) for CUR 
at S = 3.16 in the presence of different concentrations of BDMC (mmol.dm-3). Solid curves are fitted 
according to the probability distribution function, eqn 16. The reader should note the differing time scales 
used for (a), (b) and (c). 
The data in Figure 3.4.1 and Table 3.4.1, illustrates that the induction time as expected decreases 
with increasing supersaturation in the pure and the impure systems. The induction time becomes 
much longer in the presence of the impurities. However, the influence of impurity and impurity 
concentration is not very clear, as is illustrated in Figure 3.4.1. The relative width of the induction 
time distribution, taken as the induction time difference for 90 % (t90) and 10 % (t10) of the vials 
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has nucleated divided by the median induction time is shown in Table 3.4.1. The induction time 
distribution tends to become wider as the supersaturation decreases. At lower supersaturation, 
there is a tendency for impurities to decrease the distribution width but overall the influence of 
impurities on the width is not very pronounced.   
From the nucleation rate (J) data, the solid-liquid interfacial energy (SL) and pre-
exponential factor (A) can be determined within the classical nucleation theory, according to eqn 
17. 







)            (17) 
if the nucleus is assumed to be spherical, where NA is the Avogadro number, R is the gas constant, 
T is temperature,  is the molar volume (4.4x10-28 m3) of CUR in the cluster, and S is the 
supersaturation ratio (C/C*). The second term on the right-hand side, is the nucleation work 
(∆Gcrit/RT), and includes the free energy barrier that needs to be exceeded for a cluster to turn 
into a nucleus. The pre-exponential factor is taken here as the total number of clusters which form 
per unit volume and time. The fraction of these clusters which progress to viable nuclei is 
determined by the exponential factor. The plot of eqn 17 is shown in Figure 3.4.2 and resulting 
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Table.3.4.1. Parameters of the probability distribution function of induction times at different 
supersaturations (the supersaturations are based on the solubility of CUR in the absence (pure CUR 
system) and in the presence (impure system) of impurities as appropriate) and impurity concentration: 
nucleation rate (J) and time of growth to visability (tg). The solid-liquid interfacial energy values (SL) and 
























































960 ± 28 
598 ± 13 
923 ± 21 
4179 ± 59 






125 ± 3 
154  ± 6 
107 ± 5 
63 ± 5 
32 ± 1 
4.45 659  
DMC 4.90 0.10 7666 4024 ± 220 0.79 23 ± 2 4.70 113  
 4.29  17033 6517 ± 420 0.83 9 ± 1    
 3.81  17533 12203 ± 250 0.74 14 ± 1    
 3.16  60669 45445 ± 920 0.74 4 ± 0    
 4.90 0.30 7860 3715 ± 81 1.03 17 ± 1 5.29 225  
  4.29  13212 4233 ± 230 1.28 8 ± 0    
 3.81  14426 8346 ± 230 0.70 14 ± 1    
 3.16  107356 64593 ±1300 1.38 2 ± 0    
 4.90 0.60 11392 3654 ± 380 0.90 13 ± 1 4.28 50  
 4.29  15935 8352 ± 484 0.79 11 ± 1    
 3.81  19372 8096 ± 584 1.17 7 ± 1    
 3.16  65836 44943 ± 820 0.66 4 ± 0    
BDMC 4.90 0.10 6809 4038 ± 123 1.00 26 ± 2 5.01 165  
 4.29  16239 5853 ± 820 0.98 7 ± 1    
 3.81  19238 12528 ± 360 0.53 13 ± 1    
 3.16  70141 52265 ±3340 0.45 3 ± 1    
 4.90 0.30 8812 3740 ± 161 1.52 16 ± 1 5.56 350  
 4.29  10870 4271 ± 290 1.18 12 ± 1    
 3.81  22267 11179 ± 571 0.80 7 ± 1    
 3.16  72422 33879 ±2300 2.46 1 ± 0    
 4.90 0.60 8807 4463 ± 154 0.91 21 ± 1 5.13 222  
 4.29  13207 8785 ± 206 0.86 17 ± 1    
 3.81  19903 9471 ± 600 0.72 9 ± 1    
 3.16  52345 26409 ±1460 0.84 3 ± 0    
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As can be seen in Table 3.4.1, the impurities are having a significant impact on the pre-exponential 
factor of CUR when present in the solution. In Figure 3.4.2, a difference is observed between the 
nucleation rates of pure CUR system in comparison to the impure CUR systems, with the pure 
CUR system having a higher nucleation rate. The impurities are slowing down the nucleation rate 
of CUR, but the difference between the impure CUR systems themselves is hard to distinguish in 
Figure 3.4.2 as they all have similar influences on the nucleation rate of CUR.  
 
 
Figure.3.4.2. Analysis of data according to the classical nucleation theory (concentration of impurities is 
reported in mmol.dm-3). 
The solid-liquid interfacial energy for the pure CUR system is lower than the corresponding value 
for the impure systems (with one exception). The interfacial energy tends to be lower for the DMC 
systems compared to the BDMC systems, but there is no clear trend with respect to the impurity 
concentration. As the CUR supersaturation decreases, the critical free energies increase for all 
systems as expected from the CNT (see Figure 3.4.3). The critical nucleus size is larger, and the 
critical free energy is higher for the impure systems in comparison to the pure system. However, 
the difference in the interfacial energies is small and not necessarily statistically valid. The 
dominating influence of the impurities is, on the pre-exponential factor, being clearly lower in the 
impure systems and primarily explaining why the corresponding induction times are much longer. 
The pre-exponential factor of nucleation of CUR in the presence of impurities has a maximum at 
intermediate impurity concentration.  
 
 





Figure.3.4.3. Critical free energy versus supersaturation for the pure and impure CUR system. (Impurity 
concentration is in mmol.dm-3). 
 
A striking feature of this work are the relatively low nucleation rates recorded in the range 1 -154 
nuclei m-3s-1 considering the range of supersaturations (S = 3.16 - 4.90) used here. Expressed in a 
different way, high driving forces are needed to reach reasonably short induction times, i.e. within 
a day. Other studies which report nucleation rates include m-Amino benzoic acid in ethanol/water 
(S=(1.83-2.15); SL =8.7 mJm
-2; J =(5.0x101-4x103m-3s-1; molecular volume = 1.2 x 10-28 m3 molec-
1),1 l-Histidine in water (S=(1.55-1.74); SL =5.1 mJm
-2;  J=(1.6x102-1.8x103 m-3s-1; molecular 
volume = 1.3 x 10-28 m3 molec-1)),1 Butyl Paraben in a range of solvents (S=(1.04-1.25); ); SL=0.3-
1.73 mJm-2;  J =6 x 101 - 4 x103 m-3s-1; molecular volume = 1.8 x 10-28 m3 molec-1)32 and Benzoic 
acid in acetonitrile (S=(1.1-1.5);  SL=3.0 mJm-2;  J =5 x 101 - 1.2 x103 m-3s-1; molecular volume = 
1.1 x 10-28 m3 molec-1).33All of these literature values were determined from the nucleation rates 
derived from the probability distribution of induction times. Here we propose that the low 
nucleation rates observed in this work only measurable in a reasonable timescale at high 
supersaturations is due to the large molecular volume of CUR (4.4 x 10-28 m3 molec-1) which is 
comparable to other modern pharmaceuticals like Atorvastatin (molecular volume = 3.9 x 10-28 m3 
molec-1). Further support for this point is that protein crystallization is commonly performed in the 
supersaturation range of 10 – 2035. With increasing molecular volume there are fewer molecules 
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per unit volume of nucleus and because of that the thermodynamic driving force expressed in units 
of J/mole has to increase. 
  The time taken for growth to visibility (tg) in the pure and impure CUR systems are also 
presented in Table 3.4.1, and with a few exceptions clearly decreases with increasing 
supersaturation. Equally clearly, the presence of impurities increases tg, i.e. the impurities are not 
only slowing down the nucleation but are also slowing down the rate of growth, and more strongly 
so at low supersaturations. Overall, it is difficult to see a clear trend in Figure 3.4.3, with respect 
to the influence of the impurity concentration or with respect to the relation between the impurities. 
 
  
Figure.3.4.3. Time of growth to visibility (tg) versus supersaturation (S) for the pure and impure CUR 
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3.5 Crystal Growth of Pure CUR in the Absence of Impurities 
Figure 3.5.1 shows the desupersaturation profiles obtained for growth experiments at the same 
temperature, initial supersaturation and seed loading but different stirring speeds. The shape of 
desupersaturation curves at 200 and 600 rpm almost overlapped completely, suggesting negligible 
effects of external mass transfer within the range of agitations applied. Such a result also speaks 
for the reproducibility of the runs. Accordingly, it can be assumed that diffusion is not rate limiting 
under the explored experimental conditions. The results also suggest that the seed particles are 
firm enough to withstand the hydrodynamic and mechanical stress imposed upon them by the 
agitation. Hereinafter, a stirring speed of 200 rpm was selected for the rest of the growth 
experiments in the present work. 
 

















Time [s]  
Figure 3.5.1. Experimental desupersaturation evolution and at different stirring speeds. Tcryst = 293 K,  
S0 = 1.5. 
By fitting a power law equation (eqn 18): 
                    (18) 
, where kg is the rate constant, kg0 is the rate constant pre-exponential factor, Ea is the activation 
energy, g is the growth exponent, S is the supersaturation ratio (C/C*), (as described in Appendix 
g ga
0( 1) exp ( 1)g g
EdL
G k S k S
dt RT
 
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C in manuscript III in section 4.3 through collaboration with a co-worker) it is found that the 
growth order (g) is approximately 1.80 at 293 K. It is accepted that a g value close to unity refers 
to diffusion as the rate-limiting step whereas a value close to two stands for surface integration as 
the controlling step 140. The g values obtained in this study further suggest that the growth is mostly 
surface integration controlled under the explored experimental conditions. The experimental 
desupersaturation curves for experiments at different temperature and the corresponding fitted 
simple power law equation, are shown in Figure 3.5.2. Generally, the growth rate increases with 
temperature, as expected, even though the difference between 283 K and 288 K is very small. The 
estimated kg values are about two orders of magnitude lower than those reported for the growth of 
Piracetam polymorphs in isopropanol and ethanol141 and about three orders of magnitude lower 
than those reported for the growth of salicylic98 acid and salicylamide108 in organic solvents. With 
respect to the growth exponent g, it generally displayed values in the range 1.5 – 2.0.  
















Exptal.         Calc.
 283 K 
 288 K 
 293 K 
 298 K 
 308 K 
 318 K 
(a)
  
Figure 3.5.2. (a) Experimental desupersaturation evolution along with desupersaturation data estimated 
from the fitting of simple power law equation at different temperatures. 
 
Figure 3.5.3 depicts the circularity and CSD obtained in the particle size and shape analyser for 
the seed material and CUR particles harvested after growth experiments. The seed material showed 
a HS circularity very close to 1 (Figure 3.5.3 (a)), which means that the CUR Form I seed particles 
in profile are nearly perfectly spherical in shape. Figure 3.5.3 (b) shows the seed particle size 
distribution in terms of the circular equivalent diameter (CE) from which a number of average seed 
 
 
86 | P a g e  
 
 
size of 31.5 μm was determined over more than 500,000 particles. The CUR crystal particles also 
presented a high HS circularity, even though the value is somewhat lower than that of the seed 
particles and the distribution is somewhat broader (Figure 3.5.3 (c)). The CSD of the CUR crystal 
particles (Figure 3.5.3 (d)) reflects a seed particle mean size increase to 67.8 μm: almost double 
that of the seed material and the size distribution is narrower. This size increase represents an 
increase in volume that is consistent with a 10 times fold increase in the mass of seed particles 
assuming that the crystallographic density remains constant during the growth experiments. 
    
(a)       (b)  
(c)      (d)  
Figure 3.5.3. High Sensitivity Circularity of the (a) CUR seed particle and (c) product crystal particles 
after growth (c) at S0=2 and 318 K. Crystal size distibution of the (b) CUR seed particles and (d) crystal 
particles collected after growth at S0=2 and 318 K. Images  of the corresponding CUR particles obtained 
from the morphology G3 is shown in the background of the two plots.     
 
Figure 3.5.4 displays a collection of SEM images of the CUR seed particles, confirming the 
spherical habit, ranging in diameter from ~20 µm to ~45 µm. Apart from typical individual seed 
particles (Figure 3.5.4 (a) – (c)), non-typical seed particles of greater size (~90 µm) composed of 
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multiple smaller seed particles were also observed (see Figure 3.5.4 (d)). In addition, a number of 
these large seed particles were observed to have been broken-up prior to the SEM analysis (Figure 
3.5.4 (e)). On closer inspection of an individual CUR seed, Figure 3.5.4 (f), a high concentration 
of needles (< 1 µm in width) are observed protruding from the particle surface, which confers a 
much larger surface area to the actual seed material than that for a smooth sphere.  
 
Figure 3.5.4. SEM  images of the CUR Form I seed particles used in the crystal growth experiments. 
Each image is displayed with a 10 µm scale bar. Images (a – c) show spherical shaped particles with 
typical diameter of 30 - 40 µm (± 15 µm). Larger particles were also observed and found to be both whole 
(d) and broken (e). Image (f) shows a close up of a typical CUR seed surface revealing protruding 
needles. 
SEM analysis of the product CUR particles (Figure 3.5.5) present spherical particles of bigger size 
than the seed particles as a consequence of growth. In some cases (Figure 3.5.5 (e)-(h)) some seed 
particles seem to have grown together as some crystals are joined from the centre. Due to the high 
surface area of these protruding needles from the spherical structures, it is possible that some 
collisions between seed particles of smaller density and higher void fraction result in the 
irreversible sticking of two seed particles and the subsequent growth as a unique growing entity.  
For direct comparison, Figure 3.5.6 illustrates SEM images of a seed particle and a CUR product 
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crystal particle where the denser structure and larger size of the CUR particle following a crystal 
growth experiment is compared to the CUR seed particle which looks rather porous and disordered. 
 
Figure 3.5.5. SEM images of pure CUR crystal particles collected after a crystal growth experiment (S0 = 
2.0; Tcryst = 293 K). Each image is displayed with a 10 µm scale bar. Images (a – c) show single particles 
with a mean diameter of 80 µm (± 10 µm). Particles with diameter less than ~60 µm (~ 20 – 80 µm) were 
found to aggregrate. These are displayed in (d – i). 
 
 




Figure 3.5.6. Comparative SEM images of (a) a typical CUR seed particle and (b) CUR product particle 
after a growth experiment. Each image is displayed with a 10 µm scale bar. 
 
3.6 Crystal Growth of CUR in the presence of DMC or BDMC Impurity 
After each crystal growth experiment, the crystallized solutions were filtered and the collected 
crystal particles were quickly washed in a 50:50 mixture of propan-2-ol and water to remove any 
excess impurities on the outside of the particles. Some of these particles were dissolved in solvent 
and analysed by HPLC to determine the concentration of impurity present inside of the CUR 
particles. These results are also reported in the Table 3.6.1. No impurities were detected inside the 
CUR particles after growth at impurity concentrations of 0.10 and 0.30 mmol.dm-3. Incorporation 
of the impurities was detected only at the highest impurity concentration (0.60 mmol.dm-3). 
 
Table 3.6.1. HPLC results of the product crystal particles after each crystal growth experiment obtained 
at Tcryst = 283 K, 293 K and 308 K. The impurity concentrations are in mmol.dm-3. 
















































**Note: The Mol % values of the crystal particle samples were obtained from the molar ratios of impurity to CUR, 
which were calculated by [mol impurity/ (mol impurity + mol CUR) *100]. 
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PXRD showed no shifts in the diffraction peaks of product CUR particles that were grown in the 
presence of DMC or BDMC impurities at impurity concentrations of 0.10 and 0.30 mmol.dm-3. 
The only PXRD data which had a different diffraction pattern to CUR Form I was the patterns 
obtained from CUR particles grown in the presence of DMC or BDMC impurity at 0.60 mmol.dm-
3 (see Figure 3.6.1 to see the PXRD diffraction patterns). This verifies that the impurities were 
only incorporated at impurity conentration 0.60 mmol.dm-3 as the presence of the impurities in the 
CUR crystal lattice are causing distortions in the crystal lattice of CUR as shown in the diffraction 
pattern from PXRD. 
 
 
Figure 3.6.1. PXRD data of CUR Form I from CCDC (ref code: BINMEQ04) and of CUR particles 
collected after growth in pure propan-2-ol without impurities (Pure CUR, Form I) and of CUR particles 
collected after growth in propan-2-ol in the presence of 0.60 mmol.dm-3 BDMC impurity illustrating the 
shifts in the peaks in the presence of high c(imp). All samples are from growth experiments at Tcryst = 308 
K; Cu K-α  λ = 1.5406 Å. 
The power law equation (see eqn 18 and manuscript III in Appendix C, section 2.0) was fitted to 
the collected experimental desupersaturation data of CUR in the presence of DMC and BDMC (in 
Figure 3.6.2), as described by the work of a co-worker in manuscript IV. The modified solubility 
of CUR caused by the presence of impurities was accounted for in the calculations performed 
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within this section.  These graphs are representative of the overall picture obtained from all 
experiments. In most cases, the presence of both impurities exerts an inhibitory influence on the 
growth of CUR particles. The same mass of seeds was used in these experiments shown in Figure 
3.6.2. 
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Figure 3.6.2. Examples of experimental desupersaturation profiles obtained (hollow symbols) and fitting 
of power law equation (lines) for the growth of pure CUR and those in the presence of different 
concentrations of DMC at (a) 283 K and (b) BDMC at 308 K.  
 
Figure 3.6.3 shows the comparison of experimental desupersaturation profiles of CUR in the 
presence of DMC and of BDMC at similar experimental conditions. Apparently, BDMC exerts a 
stronger inhibitory effect on the crystal growth of CUR in comparison to DMC. However, this 
trend was not representative for all the crystal growth temperatures explored nor for different 
concentrations of impurities where the opposite behaviour was also observed. This fact made a 
comparison of the relative influence of each impurity on the crystal growth of CUR more difficult. 
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Figure 3.6.3. Experimental desupersaturation profile at 308 K for 0.10 mmol.dm-3 of DMC and BDMC 
and fitting provided by power law equation. 
 
SEM analysis in Figure 3.6.4 compares the; CUR seed particles, pure CUR product particles grown 
from pure propan-2-ol solution and CUR particles grown in impure propan-2-ol solutions. In 
Figure 3.6.4 (a), a CUR seed spherical particle is shown with a porous and rough surface. No 
obvious difference can be seen in the inside of the particles of CUR grown from pure propan-2-ol 
solutions (Figure 3.6.4 (b)) and of CUR grown in impure propan-2-ol solutions (Figure 3.6.4 (c)) 
when compared. They both display elongated needles growing outwards from there center core. A 
comparison between a pure CUR crystal particle grown in pure propan-2-ol solution and a CUR 
crystal particle grown in impure propan-2-ol solution containing 0.10 mmol.dm-3 DMC at Tcryst = 
308 K is shown in Figure 3.6.4 (d) and Figure 3.6.4 (e). The surface of the pure CUR particle is 
smoother and denser looking, in comparison to the CUR particle grown in the impure solution 
which has a lot of protruding needles edging out from the surface giving it a rougher exterior. 
However, the product crystal particles obtained after the crystal growth experiments in the 
























Figure 3.6.4. Representative SEM images of; (a) spherical CUR seed particle (scale bar represents 30 
µm); (b) inside of a pure CUR crystal particle grown in pure propan-2-ol solution; (c) inside of a CUR 
crystal particle grown in an impure propan-2-ol solution containing 0.10 mmol.dm-3 DMC (scale for both 
(b) and (c) = 20 µm); (d) a pure CUR crystal particle; (e)  CUR crystal particle grown in propan-2-ol 
containing 0.10 mmol.dm-3 DMC (scale for (d) and (e) = 30 µm). All crystal particles were collected after 


































In this chapter, the most important outcomes obtained from this research project are evaluated and 
discussed, which include:  
 Producing very pure material and overcoming stability issues faced throughout the project 
 Obtaining accurate solubility data with and without impurities which allows accurate 
supersaturation values to be calculated 
 In the nucleation study no change in the interfacial energy value of CUR in the presence of 
the impurities and a reduction in the pre-exponential value of CUR in the presence of the 
impurities; with the help of molecular modelling this was investigated 
 The growth rate of pure CUR spherical particles is significantly low by comparison with 
literature values; differences were observed in the surface characteristics of CUR seed and 
of the CUR product particles after crystal growth experiments.  
 DMC or BDMC impurities slow down the growth rate of pure CUR; the impurities increase 
the interfacial energy of CUR; differences are observed in the crystal habit of the CUR 
particles after growth in the presence of DMC or BDMC impurities. 
 
4.1 Developing the Purification and Separation Technique for CUR, DMC & 
BDMC and measures needed to prevent Decomposition 
To develop a highly effective separation technique for purifying the three curcuminoids, three 
column chromatography experiments were performed in total at two different scales.  The most 
successful experiment performed at a large scale is reported in Chapter 3, in the results section, 
which was at a 2 L scale. The other two experiments included one experiment performed in a 
smaller column (diameter: 20 mm) and one experiment in the larger column (diameter: 73 mm). 
All experiments used the same stationary phase material and different mixtures of chloroform and 
methanol as the mobile phase as reported. The reproducibility of the purification and separation 
technique of the three curcuminoids was satisfactory in terms of purity of the isolated curcuminoid 
fractions and the mass of isolated fractions collected at the end of each experiment.  
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At the beginning in the development of the separation process, curcuminoids were lost and 
washed down through the column and were collected as mixtures rather than as pure compounds. 
There was a poor recovery of the three curcuminoids, especially in the recovery of pure DMC and 
BDMC which were of most interest in the separation of the three curcuminoids. The crucial factor 
in the separation of the curcuminoids was in the difference of the wt (MeOH)/% applied to the 
columns, once the best conditions were established a good separation of the three curcuminoids 
was obtained with high purity (%). The best mobile phase was established by using Thin Layer 
Chromatography, with different ratios of MeOH solvent in the chloroform solvent.  
Degradation of the curcuminoid material was a big challenge which was met at the 
beginning of the project. The degradation issues were faced at the same time as developing this 
purification technique. The conditions at which the curcuminoid material degrading included: in 
artificial and in direct sunlight, at temperatures greater than 333 K and in an aqueous environment. 
Therefore, a lot of care was required when handling the curcuminoid material by keeping it out of 
direct sunlight and by covering the fume hood window in a UV- protection clear film. The glass 
columns used for separating the curcuminoid material was stored inside in the fume hood at all 
times. The glass vials containing the isolated curcuminoid fractions were covered in aluminium 
foil to protect them from degradation from light. HPLC analysis was used to ensure that the 
curcuminoid fractions had not become degraded during the separation experiments, as each 
isolated fraction was analysed by HPLC after elution from the preparatory column.  
To understand how stable the curcuminoid materials are, stability studies were performed 
on the purified curcuminoid fractions in the presence of direct sunlight over a 24-hour period and 
on the crude curcuminoid mixture under direct sunlight over a 24 h period in an aqueous 
environment (H2O/ACN, 60/40). Results of this analysis showed that the two impurities have 
better stability in comparison to CUR in an aqueous environment and under direct sunlight (see 
Chapter 3, Section 3.2; Figure 3.2.1).   
At the beginning of the nucleation studies, the CUR vials degraded a lot. This was because 
the water baths which were used for the experiments were sitting on a bench in the laboratory close 
to a window, so sunlight was able to shine into the water bath during the nucleation study. The 
cover of the water bath had to be kept open to record the induction times by using a high definition 
web camera. Once the CUR samples degraded, they lost their characteristic yellow colour and 
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HPLC analysis concluded that the samples were degraded by the presence of extra peaks. After 
weeks of battling this issue, the water baths were moved into the fume hood (its glass window was 
coated in a UV- protection clear film to prevent the degradation of the CUR solution in light) and 
the glass vials containing the curcumin solutions for nucleation were coated in the same UV-
protection clear film (see Figure 4.1). The degradation problem was then controlled and prevented 
throughout the rest of the project. 
 
 
Figure 4.1. Showing the black Uv-protection clear film wrapped around the glass vials in the 
water bath as a precaution to prevent degradation of the samples.  
 
In the preparation of the CUR seed crystals for the growth experiments, it soon became 
clear that CUR cannot be manufactured into single crystals of high quality and reasonably size to 
use as a seed. After weeks of trial experiments by adjusting different crystallization parameters 
each attempt to grow high quality large single crystals of CUR failed. The CUR seed crystals 
which were obtained were very tiny, brittle, single needle agglomerates. Therefore, in this study, 
the seed which was used in all the growth experiments are strongly agglomerated spherical 
particles of about 80 µm in size, containing individual micron sized crystals. This is not the ideal 
situation as single crystals obviously would have been ideal to use in the growth experiments, but 
the data will still provide interesting insight into the growth of a complex compound. Therefore, 
obtaining single agglomerated crystals is not seen as a failure, it is a positive result and may present 
new and interesting results for industry who possibly face the issue of dealing with poor quality 
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4.2 Analysis of CUR Solubility in the Presence of DMC and BDMC Impurities 
Using the purified and isolated fractions of CUR, DMC and BDMC from the column 
chromatography separation technique, the solubility of CUR in the presence of these two 
individual impurities could be determined. This was very important for the accuracy of the 
calculation of supersaturation values in the presence of the different concentrations of DMC and 
BDMC impurities during the nucleation and crystal growth experiments. Therefore, having 
measured the solubility of CUR in the different concentrations of impurities, confidence is gained 
in the calculation of supersaturation and certainty is achieved in the results obtained after each 
nucleation or crystal growth experiment. CUR polymorph Form I (stable polymorph) was used in 
all of the solubility, nucleation and growth experiments. Interestingly with the CUR system, the 
presence of DMC or BDMC impurities decrease the solubility of the pure CUR crystal in the 
impure propan-2-ol solution. Limited studies have reported a decrease in solubility of a 
crystallizing material in the presence of impurities.  More usually the presence of impurities 
increases the solubility of the crystallizing material8. The impurities here are more soluble in 
propan-2-ol than CUR. A hypothesis for this decrease in the solubility of CUR might be because 
of a ‘competing’ effect between the CUR molecules and dissolved impurity molecules for the 
propan-2-ol solvent molecules in solution. The dissolved impurity molecules can interact with the 
molecules of propan-2-ol which are then less available for CUR molecules in solution. 
Consequently, the CUR molecules are interacting with less available propan-2-ol solvent 
molecules and are less solubilised.  
Another interesting result is that BDMC impurity is having a larger influence on the 
solubility of CUR in comparison to DMC impurity. This can be explained by the chemical 
structures of the curcuminoid materials. As we know, BDMC lacks a methoxy group on both of 
its ring structures, this enables BDMC to interact more strongly with the solvent molecules in 
solution as it has a more positive potential at the hydroxyl hydrogen on the ring structures, allowing 
that proton of the OH group to form stronger H-bonding with the solvent molecules (see Figure 
4.2.2 to see the chemical structure of BDMC and Appendix B, manuscript II section 3.0 for more 
details on the molecular modelling of CUR – BDMC interactions).  
 
 




Figure 4.2.2. Chemical structure of BDMC molecule. 
The influence of DMC and BDMC impurities can be observed when the concentration of the 
impurities are included in the solubility values of CUR displayed in Table 4.2.1, where solubility 
values at two different temperatures were selected from Table 3.3.1 in Chapter 3 as an example 
for this discussion. If the impurity concentrations 0.10, 0.30 and 0.60 mmol.dm-3 are converted to 
g.dm-3 (i.e. 0.10 mmol.dm-3 = 0.04 g.dm-3, 0.30 mmol.dm-3 = 0.12 g.dm-3; 0.60 mmol.dm-3 = 0.24 
g.dm-3) and are included in the CUR solubility values, the solubility of CUR will be approximately 
the same as the solubility value of pure CUR (in the absence of any impurity). Therefore, this 
suggests that the chemical potential of CUR in the solution is just about equally influenced by the 
presence of DMC or BDMC molecules as it is by the presence of CUR molecules (see Table 4.2.1).  
Table 4.2.1. Solubility values of pure solid CUR in pure propan-2-ol (PURE) and in propan-2-ol 
(IMPURE) at different DMC and BDMC concentrations with associated ± standard deviations for 298 K 
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4.3 Nucleation of CUR in the Absence and Presence of DMC or BDMC 
Impurity 
The supersaturation levels used in the nucleation study of pure CUR were S (C/C*) = 4.90 - 3.16. 
The induction times recorded for CUR at the highest supersaturation occurred very fast (S =4.90, 
an induction time = 8 min), whereas, the induction times became longer as the supersaturation 
level decreased. This increase in induction time at the lower supersaturations of CUR is expected 
as there are less CUR molecules in solution. Figure 4.3.1 shows a CUR vial which is clear at 
333.15 K and then became cloudy almost instantaneously at a specific time after it was placed into 
the crystallization water bath at a temperature = 293.15 K. 
 
Figure. 4.3.1. (a) dissolved CUR solution at 333.15 K illustrating a clear solution and (b) a nucleation 
CUR solution at 293.15 K, illustrating a cloudy solution.  
When DMC or BDMC impurities were individually added to the CUR propan-2-ol solutions at 
different impurity concentrations (0.10, 0.30 or 0.60 mmol.dm-3), the induction times of CUR were 
prolonged even more (at CUR S=3.16, the induction time = 90 h). No trend was observed in the 
addition of increasing concentration of impurities (DMC or BDMC) on the nucleation of CUR; 
they all prolonged the induction time of CUR very stochastically. For instance, 0.30 mmol.dm-3 
DMC or BDMC impurity prolonged the induction time of CUR the longest in comparison to 0.10 
mmol.dm-3 and 0.60 mmol.dm-3. An explanation for this result is quite tough as we are unsure why 
0.30 mmol.dm-3 would be having the biggest influence; there could be a threshold with impurity 
concentration which is effective up until 0.30 mmol.dm-3. Once an ‘x’ concentration higher than 
0.30 mmol.dm-3 is added, then no further influence on the induction time is achieved. Figure 4.3.2 
shows a glass vial containing CUR with 0.10 mmol.dm-3 DMC which is clear at 333.15 K and then 








Figure. 4.3.2. (a) dissolved CUR solution with 0.10 mmol.dm-3 DMC at 333.15 K illustrating a clear 
solution and (b) a nucleation CUR solution with 0.10 mmol.dm-3 DMC at 293.15 K, illustrating a cloudy 
solution.  
Once all the experiments were complete, the collected induction time data was analysed by the 
CNT where the nucleation rate, time of growth to visibility, interfacial energy and pre-exponential 
factor values were all calculated and analysed. The biggest influence the impurities had was on the 
pre-exponential factor of CUR. The presence of the impurities (DMC or BDMC) decreased the 
pre-exponential factor of CUR significantly, while having a negligible influence on the interfacial 
energy of CUR. This suggests that the impurities are interrupting the formation of the CUR pre-
nuclei clusters in solution or suspension and thus delaying the induction time of CUR. DFT 
molecular simulations on 1:1 molecular interaction (described in detail in manuscript II) revealed 
that the binding interaction between DMC and CUR is stronger than that between CUR to CUR 
molecules. This is because the proton of the –OH group in the DMC molecule in the absence of a 
methoxy group can form stronger intermolecular H-bonds with the CUR molecule. Similar results 
are found for CUR: BDMC dimers by MD simulations. When examining the induction time data, 
both DMC and BDMC impurities are both having similar inhibitory effects on the nucleation of 
CUR. Only that the nucleation rates of CUR at supersaturation of 3.16 seems to be slower in the 
presence of BDMC impurity at each impurity concentration in comparison to DMC impurity, these 
results can be found in Chapter 3, Section 3.4.   
In a homogenous supersaturated solution, dense but disordered clusters of solute eventually 
turn into ordered crystals that are thermodynamically stable in the solution. The clustering tends 
to be thermodynamically unfavourable until the clusters reach sufficient size or structural order. 
Thus, clusters are prone to reconstructions due to alternate assembling and dissembling of 
molecules resulting from their random collisions with molecules of solute and solvent. Since the 
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will interact with the clustering process and slow down nucleation. Our hypothesis is that the 
presence of the tightly bound impurity inhibits the ordering within the cluster. To create a 
homogenous crystal of CUR, the impurity molecules have to be removed from the structure most 
likely by dissolution of the entire cluster. Nucleation of CUR is more difficult in the presence of 
the impurities because CUR clusters containing an impurity molecule are less likely to proceed to 
the stable crystal phase because the presence of the impurity inside the cluster inhibits nucleation. 
Figure 4.3.3 below is a very simple schematic to explain the formation of CUR nuclei in a pure 
propan-2-ol solution with no impurities present and the formation of CUR nuclei in the presence 
of impurities. It is showing the impurity molecules binding to the CUR pre-nuclei clusters in 
solution, delaying the induction time for the formation of a CUR stable nucleus.  
 
Figure 4.3.3. A schematic showing the formation of a CUR stable nucleus in a pure propan-2-ol solution 
with a fast induction time. Then below that, the formation of a CUR stable nucleus in the presence of 
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4.4 Evaluation of the Crystal Growth Kinetics of Pure CUR in the Absence and 
Presence of DMC or BDMC Impurities 
Seeded desupersaturation crystal growth experiments of CUR were performed at different 
supersaturations and crystallization temperatures (see Chapter 3 for experimental details). In all 
the experiments the growth of CUR Form I spherical particles is rather low when compared to 
crystal growth of other organic compounds (see manuscript III for details). The power law 
equation, BCF and B+S growth models were fitted to the experimental data generated by 
isothermal seeded desupersaturation experiments. No huge difference was observed between the 
fitting of the B+S and BCF growth theories to the data (see manuscript III for details of these 
fittings). Figure 4.4.1 shows the predicted growth rates of CUR Form I spherical particles versus 
supersaturation by the BCF model. A temperature effect can be observed in Figure 4.4.1, as the 
growth rates of CUR increase with increasing temperature. 
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Figure 4.4.1. Predicted growth rates vs. supersaturation by BCF model  
The interfacial energy value for CUR was calculated from the B+S model and was estimated to be 
2.65 ± 0.1 mJ/m2 as an average of all the faces of the crystals and over all the seed particles of the 
experiment (see manuscript III for details). The value obtained is about 60 % of the value obtained 
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for the nucleation of CUR Form I in isopropanol (4.45 mJ/m2) 139. Since the growth value refer to 
a 2-D nucleation situation, it should be clearly lower than the corresponding 3-D nucleation value 
(Jia et al.108). 
Once the growth of pure CUR was complete and analysed, the growth rate of CUR in the 
presence of DMC or BDMC impurity was investigated. The growth rates of CUR Form I was 
slowed down in the presence of DMC or BDMC impurity at different impurity concentrations and 
at different crystallization temperatures, Figure 4.4.2.  
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Figure 4.4.2. Comparison of estimated growth rates at different temperatures from fitting of power law 
equation to experimental data in the absence of impurities and in the presence of different concentrations 
of DMC (a, b) and BDMC (c, d). 
 
Both DMC and BDMC impurities are slowing down the growth rate of CUR at 283 K, 293 K and 
308 K. What is very interesting about this data is that in the crystal growth experiment of CUR at 
308 K, the 0.30 mmol.dm-3 concentration of DMC impurity is having the strongest influence on 
the growth of CUR out of the range of impurity concentrations added (0.10 – 0.60 mmol.dm-3). 
This concentration of impurity had the strongest influence on the nucleation of CUR too, with the 
strongest inhibition observed at 0.30 mmol.dm-3 in the presence of both DMC and BDMC 
impurities. However, this trend is only observed for DMC in this case. In the growth of CUR in 
the presence of BDMC impurity at 308 K, the 0.60 mmol.dm-3 had the strongest influence on 
slowing down the growth rate of CUR.  
HPLC analysis of the CUR crystal product (see Chapter 3, Section 3.6) after these growth 
experiments showed no impurity incorporation into the final crystal structure of CUR at low 
concentrations of DMC and BDMC. It seems that the impurities at low concentration might only 
be influencing the growth rate of the CUR crystal surfaces, without being incorporated into them, 
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by just blocking the movement of surface steps. Conversely, HPLC results indicated that impurities 
are incorporated into the crystal lattice at the highest concentration suggesting a different growth 
mechanism.  When the concentration of impurity in the growth medium is high, the main cause of 
the depletion in the expected growth rate is the inaccessibility of growth units to the surface caused 
by the formation of uniform two-dimensional layers of the adsorbing impurity22. 
Figure 4.4.3 depicts the growth rates estimated for pure CUR crystals along with those 
obtained in presence of DMC and BDMC at comparable experimental conditions. It is very 
difficult to distinguish which one of the impurities exerts more inhibition at low and medium 
concentrations of impurity on the growth of CUR. Although, the magnitude of inhibition by the 
two impurities was similar, as sometimes DMC had a stronger inhibition than BDMC on the 
growth of CUR (Figure 4.4.3 (a) and (b)), but also the opposite was observed (Figure 4.4.3 (c) and 
(d)). This did not allow us to draw any further conclusions on the relative effect of each impurity 
on the crystal growth of CUR. On the other hand, at high impurity concentrations (Figure 4.4.3 
(d)) there is a significant difference in the growth rates suggesting that BDMC inhibits the growth 
rates up to 6 times fold more strongly than DMC. As mentioned, this can be attributed to the 
different structure of impurities; the two free hydroxyl groups on the BDMC ring structure create 
a stronger bond to CUR in comparison to DMC, which eventually is reflected into a stronger 
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Figure 4.4.3. Comparison of estimated growth rates at different conditions from fitting of power law 
equation to experimental data in the absence of impurities and in the presence of DMC and BDMC. 
Impurity concentration is in mmol.dm-3. 
 
By fitting the B+S model to the experimental data, as described in manuscript IV, the interfacial 
energy values of CUR in the presence of the impurities was estimated. It was observed that the 
interfacial energy values of CUR in the presence of the impurities during the crystal growth 
experiment are higher than the interfacial energy of CUR in pure propan-2-ol (γsl = 2.65 mJ/m
2). 
To understand more clearly these high interfacial energy values, the interfacial energy and 
nucleation rate values from the CUR nucleation study in pure and impure solutions are compared 
to the values obtained in the growth study of CUR growth in pure and impure solutions systems, 
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Table 4.4.1. A comparison of the nucleation interfacial and nucleation rate values for pure and impure (S 
(C/C*) = 3.16) CUR with the interfacial energy and growth rates for pure and impure obtained from the 
growth study of CUR (S (C/C*) = 2.0). Impurity concentrations are in mmol.dm-3. The blank boxes 
represent missing data that was not collected experimentally. 



























283    2.65 : 5.34 2.65 : 6.63  
293 4.45 : 4.70 4.45 : 5.29 4.45 : 4.28    
308    2.65 : 4.32 2.65 : 6.73 2.65 : 5.41 
























283    2.65 : 4.01   
293 4.45 : 5.01 4.45 : 5.56 4.45 : 5.13 2.65 : 5.04 2.65 : 6.42  
308    2.65 : 5.66 2.65 : 4.33 2.65 : 4.32 





















283    2.0: 1.0 2.0 : 0.5  
293 32 : 4 32 : 2 32 : 4    





















283    2.0 : 1.9   
293 32 : 3 32 : 1 32 : 3 4.0 : 0.7 4.0 : 0.8  
308    7.0 : 1.0 7.0 : 1.1 7.0 : 1.0 
 
 




In Table 4.4.1, the interfacial energy values of CUR in the presence of the impurities in the 
nucleation study and in the growth study is always higher in comparison to the interfacial energies 
of CUR as a pure system without impurities present. The B+S theory involves the formation of a 
2-D nuclei, which then grow on the surface of the crystal8. However, in this case, the high 
interfacial energy values suggest that the surface nucleation in the presence of the impurities has 
similarities with 3-D nucleation rather than 2-D nucleation. CUR in the absence of the impurities 
has a lower interfacial energy value (approximately half the value of the nucleation interfacial 
energy value). This suggests that the birth step of CUR in the absence of impurities involves 2-D 
nucleation rather than 3-D nucleation on the CUR particle surface. Further support to suggest this 
possibility is the SEM images of the collected CUR crystals after growth in the presence of the 






























Figure 4.4.4. SEM images of a CUR crystal grown in the presence of 0.10 mmol.dm-3 DMC impurity at 
308 K.  (a) a close – up of the broken crystal surface (scale: 10 µm); (b) the edge of the broken crystal 
displaying long needles (scale: 10 µm) (c) a crystal displaying accumulation of particles in the center of 
the crystal (scale: 20 µm); (d) close up with red arrow pointing to it center of particle (scale: 5 µm); (e) 
the edge surface characteristics of the crystal sample (scale: 10 µm) showing protruding needles. 
 
At low supersaturations (1 – 1.8) growth is expected to occur mainly by spiral growth, but 
at high supersaturations (> 1.8), the role of 2-D nucleation in growth kinetics becomes increasingly 
significant because of the decreasing energy barrier for 2-D nucleation62. In the SEM images of 
the product crystals (Figure 4.4.4), a high supersaturation level was used (S = 2.0), in comparison 
to other growth experiments reported in literature which are normally < 1.0498. The SEM images 
(Figure 4.4.4), show thick regions of protruding chunky needles and close-ups show progression 
of the thick region and branching of the needles. The needles arise from thick chunky regions 
forming elongated needles protruding from the center of the CUR particle. In the close-up SEM 
(Figure 4.4.4, (e)), it is evident that the attachment of these ‘chunky’ regions are not at the center 
of the original protruding crystal, rather they attach randomly onto each elongated needle. Also, 
these protruding chunky needles extending from the center of the CUR particle can be 
hypothesized to be the easiest site for attachment and growth by the CUR particles as it is more 
difficult for the CUR solutes to diffuse into the center of the particle when it takes less energy for 
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morphology have not been characterized. The polymorph of the crystals have been verified to be 
polymorph Form I by PXRD analysis. A simple schematic diagram is illustrated in Figure 4.4.5, 
to portray what perhaps is happening to the CUR spherical particles during growth in the presence 
of the DMC or BDMC impurities.  
(a)    
                               (b)   
Figure 4.4.5. (a) A schematic illustrating the 3-D nucleation and growth of the CUR ‘chunky’ step-like 
region forming the protruding branch structures of CUR that are observed in the (b) SEM image, a red 
box is displayed to highlight an example of this type of attachment and growth in the SEM image. 
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In Figure 4.4.5, in the schematic diagram, the attachments of the CUR nuclei are randomly placed 
onto the protruding needle structures of CUR particles because the presence of the impurities are 
hypothesized to be preventing or even hindering the attachment of the CUR solute molecules to 
the center of the protruding CUR needle. Another hypothesis could be that in Figure 4.4.5 (a) 
where the black arrow is pointing to the dashed line on the CUR structure, perhaps there are faces 
exposed near the edge where further growth is more favourable for the CUR clusters to grow to 
become stable nuclei forming another ‘branch’ like needle structure. But, these are all just 
suggested hypotheses to explain the obtained results, more experimental investigations would have 
to be conducted in order to support these hypotheses. However, since there is such a significant 
similarity between the interfacial energy values obtained from CUR in the presence of impurities 
in the nucleation study and of CUR in the presence of impurities in the growth study, the common 
mechanism that the impurities must be influencing is the formation of the CUR nucleus. This 
distorted attachment during crystal growth has been seen in the crystal growth of benzamide 
crystals in the presence of 2′-aminoacetophenone (AAP) 34 where the AAP terminates the H-
bonded molecular ribbon of the benzamide structure. Self-replicating aggregates were reported for 
benzamide crystals in the presence of AAP in which the c*-axis is sustained while epitaxial 
nucleation and growth permit the a-axis and b – axis to interchange, causing this distorted growth 
in the presence of AAP. Figure 4.4.6 (a) shows the reported molecular binding of benzamide 
molecules in the presence of AAP, highlighting that the c*-axis is preserved while the a-axis and 
b-axis of benzamide crystals are disrupted by the AAP additive. A schematic of the growth 
mechanism reported in this paper is shown in Figure 4.4.6 (b), showing how the benzamide crystals 
growth is distorted in the presence of AAP. Similar growth can be observed in the SEM image of 
CUR in the presence of impurities in Figure 4.4.4 (d) highlighting this ‘spiral’ growth observed in 
the centre of the CUR crystal. However, in the PXRD data obtained for the crystal growth CUR in 
the presence of high impurity concentrations, the c- axis and b-axis of CUR was distorted and the 








Figure 4.4.6.  (a) Schematic showing the mechanism of repeated nucleation of (100) faces on existing 
(010) facets during crystal growth of benzamide crystal forming aggregates in presence of AAP. 
 
In the PXRD of the CUR crystals grown in the presence of impurities, a shift in the diffraction 
pattern was observed at impurity concentration 0.60 mmol.dm-3. It seems that crystal growth of 
CUR particles in the presence of high impurity concentrations forms a solid solution of CUR and 
impurity. A close up of the CUR Form I, pure CUR and CUR particle collected after growth in the 
presence of BDMC (0.60 mmol.dm-3) PXRD diffraction patterns are shown in Figure 4.4.6. The 
PXRD pattern of CUR in the presence of 0.60 mmol.dm-3 BDMC displays a shift in the diffraction 
peaks at a low 2 and more disorder in the peaks with an increase in 2. The miller indices (h,k,l) 








Figure 4.4.7. PXRD data of CUR Form I from CCDC (ref code: BINMEQ04) and of CUR particles 
collected after growth in pure propan-2-ol with no impurities (Pure CUR Form I) and of CUR particles 
collected after growth in propan-2-ol in the presence of 0.60 mmol.dm-3 BDMC impurity illustrating the 
shifts in the peaks in the presence of high c(imp). All samples are from growth experiments at Tcryst = 308 
K; Cu K-α  λ = 1.5406 Å. 
The most significant differences between the diffraction pattern of CUR plus impurity and pure 
CUR is the changes in the (002) and (010) planes. Interestingly no change is noticed in the (100) 
plane. Therefore, using the Bragg equation (see eqn 19),  
                                                     𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃                                                      (19) 
, where λ is the X-ray wavelength, dhkl is the interplanar spacing,  is the angle between the incident 
(or diffracted) ray and the relevant crystal planes, n is an integer referred to as the order of 
diffraction, the distance between the (002) and (010) atomic planes for pure (CUR with no 
impurities present) and for impure (CUR in the presence of impurities) were calculated. For the 
(002) plane, the peak for impure goes to a higher 2 with a lower d002 value (9.34 Å) in comparison 
to the value obtained for pure (9.95 Å). For the (010) plane, the peak for impure goes to a lower 
2 with a higher d010 spacing (7.09 Å) in comparison to the value obtained for pure (7.04 Å), see 
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Table 4.4.2. This verifies the formation of a solid solution is entirely consistent with the presence 
of the impurities causing a contraction in the angles along the c-axis in the CUR crystal lattice and 
an expansion in the angles along the b-axis in the CUR crystal lattice.  
Table 4.4.2. Displaying the hkl, dhkl values, c-axis (Å) and b-axis (Å) of the crystal lattice of pure (CUR 
with no impurities) and impure (CUR in the presence of 0.60 mmol.dm-3 BDMC impurity). These values 
are based on the PXRD pattern in Figure 4.4.6. 
Sample Hkl dhkl (Å) c (Å)  b (Å) 
Pure  (002) 9.95 19.90  
Impure (002) 9.34 18.68  
pure (010) 7.04  7.04 
impure (010) 7.09  7.09 
 
In Figure 4.4.8, it can clearly be seen that when the molecules are stacked on top of each other, the 
CUR-CUR dimers have a closer O…HO distance (Figure 4.4.8 (a) in comparison to CUR-BDMC 
which has a larger O…HO distance in the center of the two molecules (Figure 4.4.8 (b), see 
manuscript II in Appendix B in section 3.0 for details on the modelling. It can be assumed that the 
absence of a methoxy group from the impurity molecule causes the c-axis to shrink in the CUR 
crystal lattice, this bending of the impurity molecule can be seen in Figure 4.4.8 (b).  
(a)    (b)  
Figure 4.4.8. (a) CUR-CUR dimers in propan-2-ol at 300 K (b) CUR-BDMC dimers in propan-2-ol at 
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Figure 4.4.9. CUR-CUR dimers along the b-axis of the (002) plane. The presence of the methoxy group 
(orange colour) on both of the CUR molecules creates a larger distance in between the two molecules. 
In Figure 4.4.9, the methoxy groups are highlighted in orange, and so it is assumed that when one 
or both of these methoxy groups are missing, like in the structures of the impurities, then the CUR 
and BDMC molecules can move closer together at both ends of the molecules which causes the 
molecules to be further apart in the middle at the enol groups (see Figure 4.4.8 (b) to view this), 
and in consequence causes distortions in the CUR crystal lattice. Therefore, the presence of 
impurities at high concentrations are not only influencing the growth of CUR but are also forming 
solid solutions which disrupt the CUR crystal lattice by incorporating into the CUR crystal 
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In this research project, the area of thermodynamics, nucleation kinetics and crystal growth 
kinetics for pure and impure CUR systems have been investigated experimentally and analysed. 
To cover such a wide topic area in this field of work is very rare for a PhD project. This full 
comprehensive study on the CUR system is very novel and can be of significant use to future 
researchers working with the CUR system. This chapter summarises the key conclusions that arose 
from this research.  
5.1 CONCLUSIONS 
Based on the research that was completed throughout this PhD project and summarised in the 
previous section, the following conclusions can be drawn: 
 In terms of purifying and separating the two impurities; DMC and BDMC from each other 
and to obtain CUR in a high yield, it was concluded that: 
o Pure fractions of CUR (100%), DMC (98.6%) and BDMC (98.3%) were isolated 
by column chromatography with stepwise increase of the methanol concentration.   
o The yields in the chromatographic process of the pure curcuminoids were 81%, 
79.7% and 68.8% of CUR, DMC and BDMC, respectively.  
o CUR rapidly degrades under light and oxidative conditions, while BDMC and 
DMC are more stable. The presence of DMC and BDMC in crude curcuminoid 
mixtures enhances CUR stability. 
 
 By investigating the impact of DMC and BDMC impurities on the solubility of CUR, it 
was concluded that: 
o DMC and BDMC decrease the solubility of pure CUR crystal in propan-2-ol 
solutions. 
o BDMC has stronger influence on decreasing the solubility of CUR in propan-2-ol 
impure solutions. 
o A ‘competing effect’ between CUR and dissolved impurity molecules for propan-




119 | P a g e  
 
 
 Studying the influence of DMC and BDMC impurities on the nucleation of CUR, it was 
concluded that: 
o The solid−liquid interfacial energy for the pure CUR system is lower than the 
corresponding value for the impure systems (with one exception). 
o DMC and BDMC delay the nucleation of CUR by prolonging the induction times.  
o DMC and BDMC decrease the pre-exponential factor of CUR, while having a 
negligibly influence on the interfacial energy of CUR in solution 
o DFT and MD computations accordingly indicated that the binary interactions of 
CUR‒DMC and CUR‒BDMC are stronger than the respective binding between 
two CUR molecules, which suggests that a certain energy barrier has to be 
overcome in order to remove the impurity molecules from the CUR structures in 
solution in order for the CUR pre-nuclei clusters to form a stable nucleus making 
clusters containing impurities more likely to dissolve rather than advancing to 
stable crystals. 
 
 Studying the crystal growth kinetics of pure CUR in propan-2-ol, it was concluded that: 
o The growth of CUR Form I spheres is significantly slower than the crystal growth of 
smaller pharmaceutical compounds in organic solvents.  
o A solid-liquid interfacial energy of 2.65 ± 0.1 mJ.m-2 was determined by fitting the 
B+S growth model to the experimental desupersaturation data, being half the value of 
the solid-liquid interfacial energy obtained for CUR in the nucleation study. 
o Product CUR particles collected after growth were denser and more spherical in shape 
in comparison to the CUR seed particle 
 
 Investigating the influence of DMC and BDMC impurities on the crystal growth of CUR 
in propan-2-ol, it was concluded that: 
o DMC and BDMC slow down the growth rates of CUR  
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o The product particles collected after growth in the presence of DMC or BDMC 
impurities had a rougher and more porous particle surface in comparison to CUR 
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ABSTRACT: In this work a method is developed for the extraction and purification of the three curcuminoids, curcumin
(CUR), demethoxycurcumin (DMC), and bisdemethoxycurcumin (BDMC), from commercially available crude curcumin. In a
previous publication the extraction of pure curcumin by repeated crystallization has been described. The focus of this paper is on
the following chromatographic treatment of the mother liquor from the crystallization to obtain pure DMC and BDMC and to
increase the yield of pure CUR. In the chromatographic process, a mixture of chloroform and methanol is used as the mobile
phase, and silica gel is used as the stationary phase. Each fraction isolated in the chromatographic process was characterized by
high-performance liquid chromatography (HPLC) and mass spectrometry (LC-MS) techniques, and the pure CUR, DMC, and
BDMC solid phases were fully characterized by powder Xray diffraction (PXRD), differential scanning calorimetry (DSC), and
thermal gravimetric analysis (TGA). Stability studies were performed on the purified curcuminoids where the degradation
products were observed and analyzed by HPLC/LC-MS. Overall, the combined purification method recovered from the crude:
88.5%, 79.7%, and 68.8% of CUR, DMC, and BDMC, respectively, in highly pure form CUR (100%), DMC (98.6%), and
BDMC (98.3%).
■ INTRODUCTION
Turmeric (Curcuma longa L) is a yellow Indian spice obtained
from the Zingiberaceae family. The rhizomes of Turmeric have a
range of health promoting factors which have been used for
centuries in traditional oriental medicine in India and South
East Asia.1 Extracts obtained from turmeric comprise a mixture
of curcumin (CUR), demethoxycurcumin (DMC), and
bisdemethoxycurcumin (BDMC), altogether known as curcu-
minoids (Table 1). Among them, CUR, also known as
diferuloylmethane, is the most important component as it has
been shown to have a wide spectrum of biological activities,2−4
such as anti-inflammatory,5−7 antibacterial, and anticarcino-
genic effects.8,9 Even though CUR has a lot of health promoting
factors, it has not yet been approved as a therapeutic agent,
because of its poor stability and low solubility in water and the
poor bioavailability properties.10,11 In addition, it is an unstable
compound when it is exposed to light or subjected to oxidative
conditions, which cause the degradation of CUR into vanillin,
vanillic acid, and ferulic acid.12 Thus, recently both academia
and industry have focused their interest more onto DMC and
BDMC compounds. Until now, little work has been done on
the physicochemical properties of these two compounds due to
their nonavailability in sufficient amounts as pure components
(at least in gram scale).
Commercially available crude CUR contains a significant
amount of the other two curcuminoids, typically 17% of DMC
and 3% of BDMC.13 Purification is quite challenging, as the
three curcuminoids are chemically quite similar, with the only
differences being the presence or absence of a methoxy
functional group on each of the aromatic rings. At the
laboratory scale, quite often chromatography methods are
employed to isolate the individual curcuminoids, e.g., using
silica as the stationary phase and different mixtures of organic
solvents as the mobile phase. So far, the best results have been
obtained with chloroform: methanol mixtures, in the milligram
scale with a maximum purity of <95.5%. In our previous
work,13 CUR was successfully purified with 99% purity from
the crude curcuminoid mixture by applying cooling crystal-
lization in several steps. Using this method, highly pure CUR
was separated, but the other two curcuminoids (DMC and
BDMC) were left in the mother liquor. However, since recent
literature reports indicate that both DMC and BDMC have
similar or even better biological properties than CUR,14 there is
also demand for the isolation of pure DMC and BDMC
fractions.
In the literature, the main focus is on the separation
techniques used to extract, purify, and/or to identify15−31 the
three curcuminoids, focusing more on the purification of pure
CUR rather than on the purification of pure DMC and BDMC.
In this work, the main focus is to develop a process that could
be used commercially, i.e., for process development or clinical
trials, to obtain all three of the curcuminoids in pure form at
high yield, adopting a combination of crystallization and liquid
chromatography. In the multistep cooling crystallization13 CUR
is extracted in pure form (>99.1%) with 50% yield. In the
following column chromatography reported in the present
paper the remaining mother liquors are treated to produce pure
fractions of DMC and BDMC and to increase the overall CUR
yield.
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The mother liquors remaining from the crystallization steps
are enriched in DMC and BDMC concentration relative to the
concentration of CUR, which facilitates their recovery. In
accordance with favorable results presented previously32,33 on
the purification of the curcuminoids by column chromatog-
raphy, we used mixtures of chloroform and methanol as the
mobile phase. CUR has a low solubility in chloroform and thus
makes the chromatographic method time-consuming and
requires a large quantity of solvent. In the present work, the
chromatographic conditions have been optimized (mobile
phase to elute the pure components) to improve the yield
and purity of each of the curcuminoid products. The work
includes a detailed characterization of different liquid fractions
and of the purified curcuminoid solid phases using mass
spectrometry, HPLC, and powder X-ray diffraction. The
degradation and stability of the curcuminoids is also
investigated by using thermal analysis TGA and DSC.
■ EXPERIMENTAL SECTION
Materials. Commercially available crude CUR was
purchased from Merck (CUR > 75% nominal purity; HPLC,
area %; containing <20% DMC and <5% BDMC). All HPLC
grade solvents such as chloroform (>99.9%), methanol
(99.8%), acetic acid (>99.9%), and analytical grade acetonitrile
(>99.9%) were purchased from Sigma-Aldrich and used
without further purification. Analytical standards of CUR
(nominal purity >98%) were purchased from Fluka. Vanillin
and vanillic acid were purchased from VWR. Silica gel (70−150
mesh) was purchased from VWR. Purified water obtained by
Millipore Milli-Q water purification system was used for the
preparation of the buffer solutions for HPLC/LC-MS. The
starting material for the chromatographic separation was
obtained by collecting the mother liquors from the
crystallization steps,13 and evaporating the mixture to dryness
in a rotary evaporator. The resulting dry mixture contained
51.6% CUR, 36.5% DMC, and 11.9% BDMC (w/w) as
determined by HPLC/LC-MS analysis with pure curcuminoid
reference standards (>98% w/w). This solid mixture is then
completely dissolved in chloroform.
Column Chromatography. Besides various preliminary
experiments, three column chromatography experiments were
performed in total at two different scales, one at a smaller scale
(column diameter: 20 mm) and two at a larger scale (column
diameter: 73 mm). The results of these experiments are
described in the Supporting Information (SI), Tables S1 and
S2, along with the types of columns and the procedures that
were used. The best results obtained at a large scale are
reported here in the main text. The adsorbent used as
stationary phase was silica gel (70−150 mesh). Chloroform and
methanol solvent mixtures were used as the mobile phase.
Other solvents such as 1,2-dichloroethane were tested as the
mobile phase in a preliminary experiment but did not give good
separation of the curcuminoids. The column under operation is
shown in SI, Figure S1 (high-capacity column, 2000 mL, 73.0
mm × 610 mm, Aldrich). The bottom half of the column was
packed with dry silica gel to approximately 220 mm stationary
bed column height. The methanol−chloroform (w/%) ratio
used was always less than 10% as it is known that silica may
dissolve in more than 10% methanol. The sample and
chloroform mixture was mixed with silica gel (11 g of solid
curcumin mixture mixed with 15 g of silica gel), and this silica
slurry was placed on top of the silica gel. A piece of cotton wool
was soaked with chloroform solvent and placed on top of the
slurry to prevent disruption of the slurry layer. Using a constant
mobile phase flow rate of 15 mL/min, a nonisocratic elution
mode was used with a stepwise gradually increasing
concentration of methanol in the chloroform−methanol mobile
phase as given in Table 3. Each curcuminoid was obtained in
pure form in the order CUR, DMC, and BDMC by increasing
the polarity of the mobile phase.
Stability Analysis. A stability study was performed on
mixed curcuminoid samples as well as on the individual
curcuminoid standards. The stability of the curcuminoids was
assessed by analyzing individual curcuminoid samples dissolved
in H2O/ACN, exposed to light for 24 h and subjected for
HPLC analysis over a UV−vis range of 280−425 nm. The
known degradation products vanillin, vanillic acid, and ferulic
acid each exhibited a significant absorbance at 280 nm34 (see
SI, Figure S2b). Samples were analyzed for a percentage loss of
individual curcuminoids along with the formation of degrada-
tion products using HPLC and LC-MS.
HPLC Analysis. The HPLC system used was an “Agilent
Technologies 1260 Infinity Series” comprising of a solvent
1260 Quat delivery pump, manual injector, absorbance detector
(UV lamp and vis lamp), and Agilent ChemStation software. A
C18 column (4.6 × 100 mm) was used with 2% acetic acid in
water/acetonitrile (60/40, v/v) as the mobile phase. The
mobile phase was freshly prepared, filtered, and degassed daily
before use. The experimental methodology was: flow rate:
1.000 mL/min, simultaneous multichannel UV detection at
425, 350, and 280 nm. This HPLC technique was employed to
identify the purity of each column fraction and to detect and
analyze degraded CUR samples. To perform the HPLC analysis
1 μL of a mixture made up of 50 μL of the fraction samples or
degraded CUR samples diluted with 950 μL of mobile phase
and subjected to chromatographic analysis at 33 °C.
Detection of the three curcuminoids was at 425 nm, and the
detection of the keto form of the curcuminoids was at 350 nm.
For all the three curcuminoids, sharp peaks (separated from the
baseline) at 425 nm were obtained within 6 min, and the order
of elution was CUR, DMC, and BDMC. The purity of the
isolated fractions of individual curcuminoids is shown in Table
3.
The mobile phase used contained water (60% acetic acid in
H2O/40% ACN (60/40, v/v) solution) which facilitates the
transformation of the enol tautomer to the keto form. Using a
cold mobile phase along with fast needle injection showed
either a decrease or disappearance of the keto peak at 350 nm
Table 1. Chemical Structures of CUR, DMC, and BDMC Displaying the Differences in the R1 and R2 Groups between the Three
Curcuminoids
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(Figure 1). It was then concluded that this peak at 350 nm was
due to the keto form of CUR, which is supported by literature
reports.35 In HPLC experiments, the keto tautomer peak at 350
nm was observed when the experiments were performed for
pure CUR as well as for degraded CUR samples. In the organic
polar solvents like MeOH, the enol tautomer is the most
predominant one. This is because the enol tautomer has a
planar conformation that is stabilized by strong intramolecular
H-bonding and π-conjugation is maintained across the planar
molecule, which results in a UV−vis absorption maximum
around 425 nm.35 In contrast, a less stable keto tautomer
possesses the nonplanar conformation where carbonyl groups
are in antipositions, forming two non-conjugated fragments
resulting in an absorption peak around 350 nm. The addition of
water stabilizes the keto form35 as characterized by the presence
of a UV adsorption shoulder at 350 nm; this observation was
clearly explained in the literature based on the DFT
calculations.36
Calibration standard curves were obtained using the HPLC
by making up a stock of prepared/purified individual
curcuminoids and known degradation products (vanillin and
vanillic acid) in acetonitrile (Figure 2). The linearity of the
calibration curves, calibration factors, and validation errors of
the developed analytical method are presented in Table 2. All of
the calibration curves of the three curcuminoids showed good
linearity within the test range (R2 = 0.999). The method
showed good reproducibility provided that samples were
analyzed following storage in darkness using cold H2O/ACN
solvent for up to 24 h (MREV < 3%).
LC-MS Analysis. An Agilent Technologies 6120 Quadru-
pole LC-MS (model G6120B) was used for characterizing the
purified curcuminoid components and to identify the
degradation products. LC-MS analysis was performed for
each isolated compound using an electrospray ionization source
in positive ion mode. The capillary voltage was maintained at
4.6 kV; the source temperature was set at 350 °C, and nitrogen
was used as the drying gas (12 dm3/min). The new peaks
which were identified by the HPLC method were considered as
degradation products and were separated by LC-MS using an
Agilent C18 column (2.7 μm, 100 × 4.6 mm; Poroshell 120
EC, Agilent) under the isocratic elution flow of acetonitrile and
water (70:30, v/v) in 0.1% formic acid with a flow rate of 0.2
mL/min at 33 °C.
Thermogravimetric Analysis (TGA). A Q50 TGA from
TA Instruments was used for the TGA analysis. Experiments
were performed using aluminum pans under a controlled N2
environment (40 mL/min) over a temperature range of 0−300
°C at a heating rate of 20 °C/min. The weight of the samples
were: CUR (7.0540 mg), DMC (1.0630 mg), and BDMC
(8.1670 mg). The results were further analyzed by using TA
Instruments Universal 2000 software (Universal V4. 5A).
Differential Scanning Calorimetry (DSC). A Q2000 DSC
from TA Instruments was used to perform the thermal analysis
of all three curcuminoid components. Experiments were carried
out by using hermetic aluminum pans which contains a definite
mass of each of the samples, CUR (2.100 mg), DMC (1.700
mg), and BDMC (3.800 mg), and sealed with a Tzero press.
The temperature range used for the analysis was 0−250 °C
under N2 atmosphere (40 mL/min) using a heat−cool run.
The results were analyzed as heat flow (W/g) vs temperature
(°C) using TA Instruments Universal 2000 software (Universal
V4. 5A).
Powder X-ray Diffraction. All diffraction patterns were
recorded on a PANalytical EMPYREAN diffractometer system
using Bragg−Brentano geometry and an incident beam of Cu
K-alpha radiation (λ = 1.5418 Å). Room temperature scans
were performed on a spinning silicon sample holder [step size
= 0.013°2θ and step time = 32 (s)].
■ RESULTS AND DISCUSSION
Chromatographic Separation. Using a constant mobile
phase flow rate of 15 mL/min, a nonisocratic elution profile
was used by gradually increasing the concentration of methanol
in the chloroform−methanol mobile phase. Starting from pure
chloroform solvent, pure CUR was eluted from the column.
Then increasing the methanol content to 0.4% initially elutes a
mixture of remaining CUR together with DMC, after which a
pure DMC fraction is recoverd. In the third step the methanol
concentration is increased to 0.7%, which initially gives a
mixture of remaining DMC together with BDMC, and then a
fraction of pure BDMC is obtained. The overall history of the
solvent used for each curcuminoid separation, mass collected
Figure 1. HPLC chromatograms of crude curcuminoid material
(crude), individual curcuminoid fractions (1, 3, and 5) isolated by
column chromatography.
Figure 2. HPLC calibration curves for curcumin, DMC, and BDMC.
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from the column, and purity of the each fraction is listed in
Table 3. The overall mass of purified CUR, DMC, and BDMC
fractions obtained from 11.0 g of crude CUR was 8.7 g, i.e.,
79% overall yield. There was 6.7% loss of curcuminoids
retained on the column and 13.6% loss in fractions where the
separation of the curcuminoids is insufficient. The yield of each
of the isolated curcuminoids in the column chromatography
was 81% CUR, 79.7% DMC, and 68.8% BDMC. Over the
combined process of using a multistep crystallization followed
by column chromatography of the remaining mother liquors
the yield of pure CUR is 88.5%. Of course the mixed fractions
collected between the pure fractions can be recycled to the next
sample to be separated on the column. The purity of each
fraction as determined by HPLC is very satisfactory with 100%
for CUR and above 98% for the other two curcuminoids.
Crystal Structures. PXRD was performed on the purified
curcuminoid solid samples. Sharp crystalline peaks were
obtained for CUR and BDMC. DMC exhibited a sharp
diffraction peak at a 2θ value greater than 38°. The DMC
pattern was more consistent with a disordered structure at
interlayer d-spacing values more than 2.4 Å, i.e., peaks below
38° 2θ and an order in interlayer d-spacing values less than 2.4
Å, i.e., above 38° 2θ. The obtained PXRD pattern of separated
CUR sample matched with the experimental PXRD of Form I
(monoclinic) of CUR. The crystal structure of both DMC and
BDMC are not yet reported in the literature. Thus, the PXRD
patterns for both DMC (see SI, Figure S3, for clarity, the
diffraction pattern has been collected from 5 to 80° 2θ value)
and BDMC were reported as shown in the Figure 3. No match
of DMC or BDMC was found with the other polymorphic
forms of CUR37 when the diffraction patterns were compared.
Chemical and Thermal Stability. The percentage loss of
individual curcuminoids was calculated and plotted against time
as shown in the SI, Figure S4. It was clearly understood that
CUR rapidly degrades in an aqueous environment (H2O/ACN,
60:40) and degrades even more when exposed to light18 0.50%
of CUR had decomposed after 4 h; complete decomposition
was observed after 24 h (solution loses its characteristic yellow
color and becomes transparent) when exposed to direct
sunlight. On the other hand, (B)DMC shows somewhat better
stability than CUR as 35% DMC and 15% of BDMC had
degraded after 4 h, whereas 80% DMC and 20% BDMC had
decomposed after 24 h.
Interestingly, contradictory results were obtained when the
stability experiments were performed for a crude curcuminoid
mixture; 50% of CUR remains after 24 h and around 80% and
70% of DMC and BDMC, respectively.
During the stability experiments, a significant loss of the
curcuminoids was observed, but only trace amounts of the
known degradation products vanillin (VAN) and vanillic acid
(VAD) were detected by HPLC (about 3% w/w with respect to
initial curcuminoid). From this, it is understood that these are
minor degradation products so that other unidentified products
formed, as already reported in the literature.38,39,6,40,41 MS
analysis of degraded samples exhibited a number of new peaks,
including a high-intensity peak at 248, identified as trans-6-(4′-
hydroxy-3′-methoxyphenyl)-2,4-dioxo-5-hexenal18,38,39 (see SI,
Figure S5). The chemical structures of the degradation
products are shown in Figure 4. The vanillin, vanillic acid,
and trans-6-(4′-hydroxy-3′-methoxyphenyl)-2,4-dioxo-5-hexe-
nal are obtained through photo-oxidation of the double bond
which is present alpha to the carbonyl group of the
curcuminoids, leading to the generation of the aldehydes and
carboxylic acids. Other degradation products are formed by
Table 2. Range and Linearity of the Calibration Curves, Calibration Factors, and Validation Errors of the HPLC Analytical
Method for Curcuminoid Quantification
range (mg/dm3) retention time (min) calibration factor (μg mAU−1 s−1 dm−3) R2 MREVa (%)
CUR 0−15 5.01 6.1 0.999 2.9
DMC 0−12 4.38 6.5 0.999 2.1
BDMC 0−6 3.80 6.9 0.999 1.7
aMREVmean relative error of validation.
Table 3. Elution Profile from Column Chromatography:
Methanol Fraction in Chloroform (w), Total Volume of
Solvent Used (V), Mass Collected, and the Purity of Each












1 0 8.5 CUR 100 4.6
2 0.3−0.4 3.2 CUR/DMC mix 0.9
3 0.4 4.0 DMC 98.6 3.2
4 0.5−0.7 2.5 DMC/BDMC
mix
0.7
5 0.7 8.0 BDMC 98.3 0.9
Figure 3. XRD pattern of the three curcuminoids (see SI, Figure S3 to
view full diffractogram of DMC).
Figure 4. Chemical structures of (a) trans-6-(4′-hydroxy-3′-methox-
yphenyl)-2,4-dioxo-5-hexenal 2142 (b) vanillin,43 and (c) vanillic
acid.44
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further oxidative degradation of the trans-6-(4′-hydroxy-3′-
methoxyphenyl)-2,4-dioxo-5-hexenal component. No reports
that the degradation products exist in a diketo−enol
equilibrium have been found in literature so far.
The TGA thermograms of the purified curcuminoid samples
are shown in Figure 5a. CUR shows a weight loss at around 184
°C, whereas DMC and BDMC components show weight loss at
172 and 142 °C, respectively. In addition, the weight loss of
CUR and DMC exhibits a gradual decrease, while that of the
BDMC occurs more rapidly at an earlier stage. Thus, based on
the decomposition values, it was concluded that BDMC has a
lower thermal stability than CUR and DMC. On the other
hand, the DSC experiments (Figure 5b) indicate that BDMC is
thermodynamically more stable than Cur and DMC. The
melting point for curcumin (Table 4) is in accordance with
literature values45 (Cur: 181.2 °C). The peak temperatures
(Table 4) are also in accordance with the literature (Cur: 184
°C, DMC: 172 °C, BDMC: 222 °C).18 The order of stability
for the three curcuminoid components based on the
decomposition temperature is BDMC < DMC < CUR and
based on melting temperature (onset) is DMC < CUR <
BDMC.
■ CONCLUSION
Following a first step of repeated crystallizations to produce
pure curcumin (CUR), the remaining mother liquors were
successfully treated by silica gel column chromatography to
yield pure fractions of demethoxycurcumin (DMC) and
bisdemethoxycurcumin (BDMC). By using a mixture of
chloroform and methanol as the mobile phase in nonisocratic
operation, pure fractions of CUR (100%), DMC (98.6%), and
BDMC (98.3%) were isolated by a stepwise increase of the
methanol concentration. The yields in the chormatorgraphic
process of the pure curcuminoids is 81%, 79.7%, and 68.8% of
CUR, DMC, and BDMC, respectively. Over the combined
process of a multistep crystallization followed by column
chromatography of the remaining mother liquors, the yield of
pure CUR is 88.5%. It is found that CUR rapidly degrades
under light and oxidative conditions, while BDMC and DMC
are more stable. The presence of (B) DMC in crude
curcuminoid mixtures enhances CUR stability.
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ABSTRACT: In this work, the influence of the structurally
related impurities, demethoxycurcumin (DMC) and bisde-
methoxycurcumin (BDMC) on the primary nucleation of
curcumin (CUR) has been investigated in propan-2-ol. The
induction time for nucleation was measured at different CUR
driving forces and impurity concentrations 0.10 mmol·dm−3,
0.30 mmol·dm−3, and 0.60 mmol·dm−3 and the results are
analyzed by the classical nucleation theory (CNT). The
nucleation rate for the impure systems was noticeably lower
than the nucleation rate of the pure system, and the times of
growth to visibility were much longer for the impure systems.
The pre-exponential factors are clearly lower for the impure
system compared to the pure CUR system, while the increase
in the solid−liquid interfacial energy is small. Density functional theory and metadynamic molecular modeling reveal that the
1:1 bonding between CUR and an impurity molecule is stronger than to another CUR molecule, thus suggesting that the
developing CUR nucleus has to overcome a certain energy barrier in order to remove the impurity molecules from their surface,
which may explain why nucleation of CUR is more difficult in the presence of the structurally related impurities, DMC and
BDMC.
1. INTRODUCTION
In industry, challenging organic molecules such as active
pharmaceutical ingredients (APIs), drug excipients and fine
chemical compounds are frequently purified via crystallization
from solution. In most cases, impurities, like unreacted
reactants and byproducts, are present in the crystallization
solution and can greatly influence the nucleation and crystal
growth kinetics, and thus the product crystal structure, purity,
shape and size distribution.1Crystal nucleation is a key step in
crystallization processes very much controlling the key product
properties of the product and it is the least understood
mechanism of crystallization. Developing a greater under-
standing of how impurities influence crystal nucleation can
help to better control crystal properties.
Some studies have been performed on the effects of different
solvents2,3 additives/impurities4−8 and degradation products9
on the crystallization of APIs but very little work has been
performed using structurally related impurities to study their
effects on the crystallization of an API. Metacetamol as an
impurity in the nucleation of paracetamol lead to increased
nucleation times and metastable zone widths.10 In addition the
crystal habit of the paracetamol was modified by the presence
of the impurity. Davey et al.11 demonstrated the effect of
structurally related impurities for the stabilization of the
metastable polymorph of L-glutamic acid. In that case
stabilization of the metastable polymorph was associated
with inhibition of nucleation of the stable polymorph. From
the perspective of crystallization it is well established that
impurities can generally slow down rates and influence crystal
habit. This study seeks to quantify the influence of impurities
on the nucleation kinetics of CUR in the presence of
structurally related impurities; interfacial energies, critical free
energies for nucleation and pre-exponential factors for CUR
were determined for a range of impurity chemical structures
and concentrations. Techniques such as molecular modeling
have also been applied to study the influence of impurities12
and to predict relative incorporation energies which can signify
the probability of impurity incorporation onto a crystal.13
In this manuscript, two structurally related curcuminoid
impurities are identified and isolated. The molecular structures
of the two impurities and of CUR are almost identical, as the
only difference is the presence or absence of a methoxy group
on the ring structure (Figure. 1). The influence of impurities
on the induction time during the nucleation of CUR is
determined experimentally and the collected nucleation data is
examined statistically. By classical nucleation theory (CNT),
the induction time data and nucleation rates are used to
estimate the solid−liquid interfacial energy, pre-exponential
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factor, and time of growth to visibility. The impurities
influence the solubility of CUR and this has been accounted
for in the estimation of the driving force. Molecular modeling
tools have been employed in order to interpret the
experimental nucleation results and to understand the
observed effects of the impurities on the nucleation of CUR.
CUR can be obtained from the Indian spice Turmeric, along
with demethoxycurcumin (DMC) and bisdemethoxycurcumin
(BDMC), altogether known as curcuminoids.14 The curcumi-
noids have a range of health promoting factors and are
extracted from the rhizomes of Turmeric, which has been used
for centuries in traditional oriental medicine. CUR is a
trimorphic system, of which the most stable Form I is
monoclinic and the other two metastable forms (Form II and
Form III) are orthorhombic.15 In the literature on the
crystallization of CUR, most work has been performed on
the crystal nucleation of the two CUR polymorphs (stable
Form I and metastable Form III) in organic solvents,16
recrystallization of crude CUR17 and CUR precipitation
induced by ultrasound and polymeric additives.18 No previous
work has been performed on the nucleation of CUR in the
presence of the curcuminoid impurities, DMC and BDMC.
2. MATERIALS AND METHODS
Materials. Crude CUR of >75% nominal purity (HPLC, area %)
was purchased from Merck, containing <20% DMC and <5% BDMC.
Propan-2-ol (99.9%, Fluka) was purchased from Sigma-Aldrich.
Ultrapure reference standards of individual curcuminoids, CUR
(100%, HPLC), DMC (98.6%) and BDMC (98.3%) were separated
and purified from crude CUR (Merck) by cooling crystallization
followed by preparative column chromatography, as previously
reported.14Along with HPLC analysis, the purified samples were
characterized and confirmed by LC-MS, PXRD, TGA and DSC.14
Solubility Measurements. The solubility in propan-2-ol of pure
CUR has been determined in pure solutions and in solution
containing the relevant concentration of impurities by the method
previously reported.16 The solution concentration was determined
using HPLC (1260 Infinity, Agilent) fitted with Poroshell 120 C18
column (4.6 × 50 mm; 2.7 μm, Agilent), and operated under isocratic
elution of acetonitrile with 2% v/v acetic acid (40:60, v/v) at a flow
rate of 1.0 mL/min, a column temperature of 33 °C, and UV
detection at 425 nm. Samples of saturated CUR solutions were
diluted in 60:40 v/v acetonitrile/water (at least three independent
measurements).
Nucleation Experiments. Solutions (150 cm3) of CUR in pure
propan-2-ol solvent were prepared in sealed 200 mL glass bottles by
weighing out predefined masses of solid CUR and solvent (propan-2-
ol) producing four different CUR supersaturations; S = 4.90, 4.29,
3.81, and 3.16, where S is defined as C/C*. The impurity, DMC or
BDMC was added in solid form to the CUR/propan-2-ol solution and
dissolved to reach impurity concentrations of 0.10, 0.30, and 0.60
mmol.dm−3. The glass flasks were closed tightly and sealed with
parafilm to prevent any evaporation of solvent from the flask upon
heating above the saturation temperature (Tsat + 5 °C) in a water
bath. The solutions were stirred for an hour using magnetic stir bars
during dissolution to make sure all solid material had been dissolved.
For each batch of nucleation experiments, the dissolved solutions
were quickly filtered using preheated PTFE luer-lock syringes and 0.2
μm filters into ten 15 mL glass test vials (10 mL per vial). The glass
vials were coated in a UV- protection clear film to prevent the
degradation of the CUR solution in light.14 Each batch of test vials
was first kept in a thermostatic bath at the dissolution temperature of
Tsat + 5 °C under magnetic stirring using Teflon coated magnetic stir
bars at 400 rpm, for 60 min, and then rapidly transferred to a second
bath kept at the nucleation temperature, 20 °C, which was steadily
maintained for as long as was necessary for crystals to form in all of
the vials. Agitation was provided by a multipole submersible stirring
plate (2 Mag). The vials were continuously monitored and the time
for nucleation was recorded by using a high definition web camera.
The onset of nucleation was observed as a very rapid change from a
clear to a cloudy solution. In all nucleation experiments, with and
without the presence of impurities, a characteristic yellowish color of
suspension16 indicated crystallization of the stable Form I CUR,
which was also confirmed by in situ Raman spectroscopy and X-ray
powder diffraction (PANalytical EMPYREAN diffractometer system
using Bragg−Brentano geometry and an incident beam of Cu K-alpha
radiation (λ = 1.5418 Å)) of isolated CUR crystals. The induction
time of each test vial was identified as the time elapsed from the
moment the vial was submerged in the water bath at the nucleation
temperature until the point when clear to cloudy could be observed
for the first time. The time required for complete temperature
equilibration was measured separately with a control tube of pure
solvent and an in situ calibrated temperature probe (Dostmann P600)
and was less than 5 min. Once all the tubes had nucleated, they were
transferred back to the water bath at dissolution temperature of Tsat +
5 °C where complete dissolution occurred, and equilibration was
allowed for 1 h. The cycle was repeated ten times until approximately
100 nucleation events (for higher supersaturations 4.90, 4.29, 4.23)
and approximately 50 nucleation events (for lower supersaturations
3.81, 3.16) were recorded for a given driving force.
A color change in the homogeneous solution was observed upon
extended time at elevated temperatures indicating that the CUR
molecules would degrade in spite of the coating film. Accordingly,
each batch of tubes was subjected to temperatures of 65 °C for no
more than 1 h. For each separate driving force a new batch of tubes
was prepared, and each solution was recycled two to three times over
a period of a couple of days. Besides monitoring the solutions visually,
after each cycle one tube of each batch was analyzed by HPLC using
multichannel UV detection at 425 nm (characteristic wavelength of
the three curcuminoids) and 280 nm (degradation products of CUR,
such as ferulic acid, vanillin, and vanillic acid) to verify that there was
no detectable degradation.14 Following degradation of CUR,
induction times would be prolonged by hours or even days, with
some vials not nucleating at all, see Supporting Information, Figure
S1.
Quantum Chemical Calculations. Density functional theory
(DFT) calculations are applied using a Gaussian 09 package19 to
investigate strength of interactions in CUR−CUR and CUR−DMC
(1:1) molecular associates. The interactions are probed at two distinct
polar sites: a side of the CUR molecule featuring hydroxyl (OH) and
methoxy (CH3−O) groups, and at the center of the molecule, where
the carbonyl (CO) and hydroxyl group are present. The
equilibrium geometries of the (1:1) dimers are calculated with a
B97-D3 Grimme’s functional20 and a Gaussian-type 6-31G (d,p) basis
set21 and represent stationary points at the potential energy surface.
The (1:1) binding energy is calculated as follows:
E E E E( )bind A B A BΔ = − +− (1)
where EA‑B is the energy of a dimer and EA and EB are the energies of
isolated monomers A and B in fully relaxed gas phase geometries. All
Figure 1. Molecular structures of CUR, DMC, and BDMC.
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the DFT energies are calculated using a double hybrid B2PLYP-D3
functional,22 which combines exact Hartree−Fock exchange with an
MP2-like correlation and long-range dispersion corrections; here we
use a basis set of quadruple-ζ valence quality (def2-QZVPP).23Elec-
Electrostatic potential maps are generated with the MOLEKEL 5.4
software.
Metadynamics Simulations. Molecular dynamics simulations
coupled with an advance sampling method, metadynamics24−26 were
performed with GROMACS (version 4.6.5) using the general
AMBER force field (GAFF)27,28 to sample the clustering behavior
of CUR-CUR and CUR-BDMC in an explicit solvent (propan-2-ol)
simulating two curcuminoid molecules in about 3000 propan-2-ol
molecules equilibrated at 300 K and 1 bar. V-rescale temperature
coupling was used with a relaxation time of 2 ps. Constant pressure
was obtained by coupling to an isotropic Parrinello−Rahman barostat,
with a relaxation time of 2 ps. Periodic boundaries conditions were
applied in all directions. All bonds lengths of curcuminoids and
propan-2-ol were constrained to their equilibrium positions with the
LINCS algorithm. Nonbonded interactions were evaluated with a
cutoff of 11 Å. Long-range electrostatic interactions were treated by
Particle Mesh Ewald method, with a grid spacing of 1.6 Å and PME
order of 4. The metadynamics algorithm biases a MD simulation
through the periodic addition of a small repulsive potential, defined as
a sum of Gaussian distributions, to the overall potential energy. To
explore and describe the clustering (association/dissociation)
behavior of the two curcuminoid molecules in propan-2-ol environ-
ment, we selected the distance of hydrogen and oxygen of the
hydroxyl groups (OH···OH type of H-bonding) between two CURs
or CUR and BDMC, d(O···HO), as a collective variable (CV). The
biasing Gaussian potential functions with a height parameter of 0.08
kJ mol−1 were deposited every 1 ps, with a width of 0.8 Å along CV.
To ensure the convergence of the system, but not to oversample the
bulk solution, the simulation run time was optimized to 10 ns. The
binding free energy was estimated by reconstructing the free energy
landscape using sum_hills utility provided with the PLUMED29 plugin.
The free energy difference between the bonded state (curcuminoid
molecular associates) and the unbonded state (curcuminoid
molecules separated more than 15 Å from each other) obtained
from the free energy profile is defined as the binding free energy. The
convergence of simulation was assessed by comparing the
reconstructed free energy profiles in the CV space as a function of
simulation time.
3. RESULTS AND DISCUSSION
The solubility of pure CUR crystals Form I in propan-2-ol
measured as a function of temperature and impurity
concentration is shown in Figure 2. Each point is the average
of multiple measurements, with an average error of 4% (each
solubility point was sampled 2−3 times to determine
concentrations using HPLC, the uncertainty reported (4%)
is the average for all temperature points). However, the
solubility differences between pure curcumin and curcumin
with impurity in Figure 2 are typically 10%. Impurities present
in the solution leads to a decrease in the solubility of the pure
solid phase of CUR, at c (impurity) = 0.55 mmol·dm−3, this
decrease is 7% at 20 °C. The impurity effect on the solubility
has been accounted for in the estimation of the nucleation
driving force. CUR has a relatively low solubility in propan-2-ol
(0.9 g/dm3 at 20 °C); by comparison with the solubility of
DMC and BDMC (DMC 16 g/dm3 and BDMC 8 g/dm3, 20
°C) as published by Ukrainczyk et al.17 and accordingly all
examined systems are strongly undersaturated with respect to
pure DMC and BDMC solid phases.
The use of various distribution functions to examine
induction time data has previously been examined.30 Here
we have used the cumulative exponential-based probability
distribution function (LDF).1
P t JV t t( ) 1 exp( ( ))g= − − − (2)
where P(t) is the induction time probability, J is the nucleation
rate, V is the volume of the solution, t is the induction time of
each vial, and tg is the time at which the first vial crystallized.
This equation was fitted to the nucleation data using the data
analysis software Origin 7.0. Induction time distributions are
shown in Figure 3. The solid lines represent eq 2 fitted to each
set of data, and the resulting nucleation rate (J) and time of
growth to visibility (tg) values are given in Table 1.
The data in Figure 3 and Table 1, illustrates that the
induction time as expected decreases with increasing super-
saturation in the pure and the impure systems. The induction
time becomes much longer in the presence of the impurities.
However, the influence of impurity and impurity concentration
is not very clear, as is illustrated in Figure 4. There is a
tendency for a decreased nucleation rate with increasing
impurity concentration, perhaps more pronounced in the
DMC system. The relative width of the induction time
distribution, taken as the induction time difference for 90%
(t90) and 10% (t10) of the vials has nucleated divided by the
median induction time is shown in Table 1. The induction
time distribution tends to become wider as the supersaturation
decreases. At lower supersaturation, there is a tendency for
impurities to decrease the distribution width but overall the
influence of impurities on the width is not very pronounced.
From the nucleation rate (J) data, the solid−liquid
interfacial energy (γSL) and pre-exponential factor (A) can be





















if the nucleus is assumed to be spherical, where NA is the
Avogadro number, R is the gas constant, T is temperature, υ is
the molecular volume (4.4 × 10−28 m3) of CUR in the cluster,
and S is the supersaturation ratio (C/C*). The second term on
the right-hand side, is the nucleation work (ΔGcrit/RT), and
includes the free energy barrier that needs to be exceeded for a
cluster to turn into a nucleus. The pre-exponential factor is
taken here as the total number of clusters which form per unit
volume and time. The fraction of these clusters which progress
to viable nuclei is determined by the exponential factor. The
plot of eq 3 is shown in Figure 4 and resulting parameters are
Figure 2. Solubility of CUR in propan-2-ol without (solid line) and
with (dotted lines) the presence of dissolved curcuminoid impurities
(c (impurity) = 0.55 mmol·dm−3).
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given in Table 1. A statistical evaluation of the confidence in
the determined values of A and γSL is not simple straight line
statistics since every point in Figure 4 is a value representing a
median value of the stochastic nucleation distribution at each
condition. However, with reference to our previous similar
work on tolbutamide31 where a very comprehensive statistical
analysis is done, we feel confident that the discussion here on
the curcumin data is statistically valid.
The solid−liquid interfacial energy for the pure CUR system
is lower than the corresponding value for the impure systems
(with one exception). The interfacial energy tends to be lower
for the DMC systems compared to the BDMC systems, but
there is no clear trend with respect to the impurity
concentration. The critical free energy and critical size of the
nuclei are given in the Supplimentary Information in Table S1.
As the supersaturation level decreases the critical free energies
increase for all systems as expected from the CNT (see Figure
5; Table S1 in Supporting Information). The critical nucleus
size is larger and the critical free energy is higher for the
impure systems in comparison to the pure system. However,
the difference in the interfacial energies is small and not
necessarily statistically valid. The dominating influence of the
impurities is, on the pre-exponential factor, being clearly lower
in the impure systems and primarily explaining why the
corresponding induction times are much longer. The pre-
exponential factor of nucleation of CUR in the presence of
impurities has a maximum at intermediate impurity concen-
tration.
A striking feature of this work are the relatively low
nucleation rates recorded in the range 1−154 nuclei m−3 s−1
considering the range of supersaturations (S = 3.16−4.90)
used here. Expressed in a different way, high driving forces are
needed to reach reasonably short induction times, i.e., within a
day. Other studies which report nucleation rates include m-
amino benzoic acid in ethanol/water (S = (1.83−2.15); γSL =
8.7 mJ m−2; J = (5.0 × 101 to 4 × 103 m−3 s−1; molecular
volume = 1.2 × 10−28 m3 molec−1),1 L-histidine in water (S =
(1.55−1.74); γSL = 5.1 mJ m−2; J = (1.6 × 102 to 1.8 × 103 m−3
s−1; molecular volume = 1.3 × 10−28 m3 molec−1)),1 butyl
paraben in a range of solvents (S = (1.04−1.25)); γSL = 0.3−
1.73 mJ m−2; J = 6 × 101 to 4 × 103 m−3 s−1; molecular volume
= 1.8 × 10−28 m3 molec−1)32 and benzoic acid in acetonitrile (S
= (1.1−1.5); γSL = 3.0 mJ m−2; J = 5 × 101 to 1.2 × 103 m−3
s−1; molecular volume = 1.1 × 10−28 m3 molec−1).33All of these
literature values were determined from the nucleation rates
derived from the probability distribution of induction times. A
separate study by Teychene and Biscans34 using a larger 500
mL crystallizer recorded much longer induction times and
slower nucleation rates for the polymorphic compound
Eflucimibe in ethanol/heptane (S = (1.86−3.4); γSL = 4.23
mJ m−2 for the metastable Form A and γSL = 5.17 mJ m
−2 for
the stable Form B; J = 7 × 10−2 to 2.5 × 101 m−3 s−1;
molecular volume = 4.8 × 10−28 m3 molec−1). Nucleation rates
are a balance between interfacial energies and the applied
supersaturation but each of the examples cited above except
Eflucimibe exhibit much higher nucleation rates at lower
applied supersaturations in spite of the fact that their interfacial
energies for the most part are comparable to those measured
here for CUR. Eflucimibe (molar mass = 469.7 g mol−1) is a
much larger molecule than any of the others cited above. The
molecular volume of CUR is 4.4 × 10−28 m3 molec−1 which is
quite large in comparison to other modern pharmaceuticals
Figure 3. Induction time distributions: (a) for CUR in pure solutions at different supersaturation ratios (b) for CUR at S = 3.16 in the presence of
different concentrations of DMC (mmol·dm−3) and (c) for CUR at S = 3.16 in the presence of different concentrations of BDMC (mmol·dm−3).
Solid curves are fitted according to the probability distribution function, eq 2. The reader should note the differing time scales used for (a), (b), and
(c).
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like atorvastatin (molecular volume = 3.9 × 10−28 m3 molec−1).
The classical nucleation theory equation does include the
molecular volume as a component of the critical free energy
(see eq 3). Here we propose that the low nucleation rates
observed in this work only measurable in a reasonable time
scale and at high supersaturations is due to the large molecular
volume of CUR. Further support for this point is that protein
crystallization is commonly performed in the supersaturation
range of 10−20.35 In the derivation of eq 3, the molecular
volume appears as a conversion from nucleus bulk volume free
energy (difference compared to the solute free energy in the
Table 1. Parameters of the Probability Distribution Function of Induction Times at Different Supersaturations and Impurity







t90−t10 tind width distributions
(s) J nuclei m−3 s−1
γSL
(mJ·m−2) A (m−3 s−1)
pure CUR 4.90 0 1049 960 ± 28 0.91 125 ± 3 4.45 659
4.29 1926 598 ± 13 0.98 154 ± 6
4.23 1577 923 ± 21 1.28 107 ± 5
3.81 4137 4179 ± 59 1.05 63 ± 5
3.16 5223 1733 ± 33 1.62 32 ± 1
DMC 4.90 0.10 7666 4024 ± 220 0.79 23 ± 2 4.70 113
4.29 17033 6517 ± 420 0.83 9 ± 1
3.81 17533 12203 ± 250 0.74 14 ± 1
3.16 60669 45445 ± 920 0.74 4 ± 0
4.90 0.30 7860 3715 ± 81 1.03 17 ± 1 5.29 225
4.29 13212 4233 ± 230 1.28 8 ± 0
3.81 14426 8346 ± 230 0.70 14 ± 1
3.16 107356 64593 ± 1300 1.38 2 ± 0
4.90 0.60 11392 3654 ± 380 0.90 13 ± 1 4.28 50
4.29 15935 8352 ± 484 0.79 11 ± 1
3.81 19372 8096 ± 584 1.17 7 ± 1
3.16 65836 44943 ± 820 0.66 4 ± 0
BDMC 4.90 0.10 6809 4038 ± 123 1.00 26 ± 2 5.01 165
4.29 16239 5853 ± 820 0.98 7 ± 1
3.81 19238 12528 ± 360 0.53 13 ± 1
3.16 70141 52265 ± 3340 0.45 3 ± 1
4.90 0.30 8812 3740 ± 161 1.52 16 ± 1 5.56 350
4.29 10870 4271 ± 290 1.18 12 ± 1
3.81 22267 11179 ± 571 0.80 7 ± 1
3.16 72422 33879 ± 2300 2.46 1 ± 0
4.90 0.60 8807 4463 ± 154 0.91 21 ± 1 5.13 222
4.29 13207 8785 ± 206 0.86 17 ± 1
3.81 19903 9471 ± 600 0.72 9 ± 1
3.16 52345 26409 ± 1460 0.84 3 ± 0
aThe solid−liquid interfacial energy values (γSL) and pre-exponential factors (A) for the pure and impure CUR systems and t90−t10 induction
time width distributions. The supersaturations (S) are based on the solubility data for pure CUR (Figure 2). Standard errors (±) were obtained by
the data analysis software Origin 7.0.
Figure 4. Analysis of data according to the classical nucleation theory
(concentration of impurities are reported in mmol·dm−3). Figure 5. Critical free energy versus supersaturation for the pure and
impure CUR system. (Impurity concentration is in mmol·dm−3).
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solution phase) per unit volume of nucleus to the
corresponding free energy in units of J per molecule in the
nucleus, being equal to the thermodynamic driving force for
nucleation. The critical size of a nucleus is reached when the
free energy of the nuclei surface (J) (associated with the
interfacial energy) is 1.5 times the free energy of the nuclei
bulk (J). With increasing molecular volume there are fewer
molecules per unit volume of nucleus and because of that the
thermodynamic driving force expressed in units of J/mol has to
increase.
The time taken for growth to visibility (tg) in the pure and
impure CUR systems are also presented in Table 1, and with a
few exceptions clearly decreases with increasing supersatura-
tion. Equally clearly, the presence of impurities increases tg, i.e.,
the impurities are not only slowing down the nucleation but
are also slowing down the rate of growth, and more strongly so
at low supersaturations. Overall, it is difficult to see a clear
trend with respect to the influence of the impurity
concentration or with respect to the relation between the
impurities (see Figure 6).
Often lower concentrations of impurities are assumed to
have a negligible influence on thermodynamics. However,
nucleation kinetics are very sensitive to the supersaturation and
for the sake of comparison, the experimental results have also
been evaluated without accounting for the influence of the
impurities on the solubility. The details are given in the
Supporting Information and the evaluation reveals that
ignoring the influence of the impurities on the solubility
systematically leads to lower interfacial energies and pre-
exponential factors, but the differences are moderate.
The experimental results have also been evaluated directly
by the classical nucleation theory, by assuming that
tln ln(JV)ind(median)
1= − (4)
, inserted into eq 3. The data reveal that compared to using eqs
2 and 3, directly using the experimental median induction time
according to eq 4 and used in eq 3, leads to pre-exponential
factors that are systematically clearly higher, and the interfacial
value is less systematically dependent on the impurity
concentration, but overall the differences are moderate.
In both the pure CUR solutions and those containing either
DMC or BDMC, the solid phase crystallized exclusively as
Form I. The crystal structure of the CUR Form I is shown in
Figure 7. As it can be seen, each CUR molecule in the Form I
crystal features three intramolecular H-bonds: (OH···OCH3)
and (OH···OC), and four intermolecular H-bonds forming
two types of hydrogen bonding: OH···OC and OH···OH.
A DMC molecule combines features of CUR and BDMC as
it involves both a phenyl ring substituted with the methoxy and
hydroxyl groups (CUR-like) and a phenyl ring substituted with
the hydroxyl group only (impurity-like). For this reason we
have restricted our analysis of the electrostatic potential
distribution to this molecule (Figure 8). As expected, the most
negative potential is located at the carbonyl oxygen (this is
indicated by the intense red color), being slightly less negative
at the two hydroxyl oxygens. The yellow color of the methoxy
oxygen (O−CH3) suggests the least negative electrostatic
potential among all the oxygen atoms, thus lower propensity
for accepting H-bonding. On the other hand, the most positive
potential is located at the hydrogens belonging to OH groups
(indicated by the blue color). Interestingly, absence of the
methoxy group in one end of the molecule (Figure 8, bottom
structure) results in more positive potential at the hydroxyl
hydrogen (deep blue color). This suggests that the proton of
the OH group not being involved in intramolecular H-bonding
(impurity-like) can be capable of forming stronger H-bonding.
To verify these observations we have calculated with DFT
binding energies in dimers of CUR−CUR and CUR−DMC
(Figure 9).
Figure 6. Time of growth to visibility (tg) versus supersaturation (S)
for the pure and impure CUR system. (Impurity concentration is in
mmol.dm−3).
Figure 7. Arrangement of molecules in the CUR form I crystal
(BINMEQ.04). Top: view along the crystallographic b-axis, bottom:
intermolecular (black dots) and intramolecular (green dots) H-
bonding for two neighboring molecules in the crystal lattice of Form I.
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The solute−solute interactions (Figure 9) have been probed
at the strongly interacting polar sites of the molecules to
account for OH···OC and OH···OH type of H-bonding,
which is similar to that present in the crystal of Form I. For all
the H-bond combinations considered the binding energies
calculated were 14−20 kJ/mol more negative (indicating
stronger interactions) in the dimers made of CUR−DMC as
compared to the CUR−CUR dimers. This is explained by the
propensity for stronger hydrogen bonding due to higher
electrostatic potential at the proton of the hydroxyl function in
the absence of the methoxy group as shown above (Figure 8).
In addition, if the methoxy group is present in the side phenyl
ring(s) (as in the CUR molecule), this results in steric
hindrance between functional groups, which prevents for-
mation of H-bonds with optimum geometry and strength.
The results of the metadynamics (biased MD simulations)
provided the free energy profiles for the binding of the
curcuminoid molecular associates in explicit solvent (propan-2-
ol) equilibrated at 300 K using enhanced sampling of the
configurational space of curcuminoid molecular associates as a
function of the intermolecular H-bond distances, d(O···HO).
At convergence, free energy profile of the system was obtained,
for which the binding energy is determined as described in the
methods section for the favorable molecular associate
configurations at discrete distances d(O···HO).
The free energy profile of CUR−CUR and CUR−BDMC
molecular association/dissociation in propan-2-ol, obtained by
biased MD simulations (metadynamics) as a function of d(O···
HO), is shown in Figure 10. The free energy reaches a zero
value plateaus, beyond 14 Å, when the curcuminoid molecules
dissociate in bulk solvent phase and do not interact at all. For
the bonded state of molecular associates, the energy profile of
CUR−CUR system displays two binding energy minima of
−23 and −67 kJ mol−1 for the associate configurations at
d(O···HO) = 2.2 and 3.8 Å, respectively, whereas −36 and
−94 kJ mol−1 in the case of CUR−BDMC associate
configurations at the d(O···HO) = 2.1 and 4.1 Å, respectively.
The corresponding structures are shown in Figure 10, left
panel. In the most stable CUR−CUR dimer configuration (Eb
= 67 kJ mol−1), CUR molecule is stacked on top of each other,
oriented parallel, thus maximizing the interaction per
molecular surface. For the CUR-bisdemethoxycurcumin
system at the global minimum of −94 kJ mol−1, the molecular
associates are again in almost parallel configuration, with closer
distances at the both ends of the molecules but somewhat
further apart in the middle part of the molecules at enol
groups. At the second energy minimum, CUR forms linear
Figure 8. Electrostatic potential isosurface of DMC calculated at HF/
6-31G(d,p) level. Top: a part of the molecule showing the aromatic
ring substituted with hydroxyl (−OH) and methoxy (−OCH3)
groups (CUR-like). Bottom: a part of the molecule showing the
aromatic ring substituted with hydroxyl (−OH) group (impurity-like)
(blue−positive, red−negative, yellow−weakly negative, green−neutral
potential).
Figure 9. Optimized geometry of CUR−CUR and CUR−DMC (1:1)
molecular associates (DFT B97-D3/6-31G (d,p) level). Binding
energy in respective dimers calculated at the DFT B2PLYP-D3/def2-
QZVPP level. Hydrogen−white, carbon−gray, oxygen−red.
Figure 10. Binding energy of CUR−CUR and CUR−BDMC
molecular associates (dimers) in explicit solvent (propan-2-ol) at
300 K (Metadynamics, GAFF). Free energy profiles for O···HO
distance in respective systems.
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chain and interact only with hydroxyl and methoxy groups on
benzene rings, but forming closer H-bonding contact with a
shorter d(O···HO) distance of 2.2 Å (and under O···HO angle
of 120°). In the case of the CUR−BDMC dimer, with local
minimum at 36 kJ mol−1), we observe that the BDMC
molecule forms H-bonding by employing its free hydroxyl
group (without intramolecular bonding constrains due to the
absence of methoxy group). Interestingly, due to competitive
interactions with the solvent molecules, the methoxy group of
the CUR molecule tends to interact with molecules of propan-
2-ol, resulting in breaking/opening the intramolecular H-
bonding. This seems to facilitate stronger bonding of the
adjacent OH group with the BDMC molecule. The
comparison of the DFT binding energies presented above
and the metadynamics-derived free energies of dimerization in
propan-2-ol consistently indicate that the binary interactions of
CUR−DMC and CUR−BDMC are stronger than the
respective binding between two CUR molecules.
In a homogeneous supersaturated solution, molecules of
solute cluster eventually turn into crystals that are
thermodynamically stable in the solution. The clustering
tends to be thermodynamically unfavorable until the clusters
reach sufficient size or structural order. Thus, clusters are
prone to reconstructions due to alternate assembling and
dissembling of molecules resulting from their random
collisions with molecules of solute and solvent. Since the 1:1
binding of CUR to DMC and BDMC is stronger than to other
CUR molecules these impurities will interact with the
clustering process and slow down the nucleation. In order to
create a homogeneous crystal of CUR, the impurity molecules
have to be removed from the structure; explaining why
nucleation of CUR is more difficult in presence of the
impurities.
4. CONCLUSION
Experimental induction time data obtained reveal that both
DMC and BDMC impurities clearly prolong the nucleation of
CUR, especially at low supersaturation of CUR (S = 3.16).
However, no clear trend was observed when different
concentrations (0.10 mmol·dm−3, 0.30 mmol·dm−3, and 0.60
mmol·dm−3) of impurities were added to the crystallizing CUR
solution, and no obvious trend was noticed between the
impurities themselves. Statistical analysis was performed on the
collected nucleation data according to the classical nucleation
theory reveal that the structurally related impurities primarily
decrease the pre-exponential factor for CUR crystallization,
while the increase in interfacial energy is comparatively small.
In addition, the impurities are found to increase the time of
growth to visibility. Both the DFT and metadynamics
computations accordingly indicated that the binary inter-
actions of CUR−DMC and CUR−BDMC are stronger than
the respective binding between two CUR molecules. From
this, it was hypothesized that the molecular aggregates of CUR
forming at initial stages of a nucleation process in solution bind
impurity molecules, which slows down the process of forming a
nucleus. A certain energy barrier has to be overcome in order
to remove the impurity molecules from their structures; this
could explain why nucleation of CUR is more difficult in
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Abstract:  
The growth rate of pure curcumin particles (CUR) in supersaturated propan-2-ol solutions has 
been determined by seeded isothermal desupersaturation experiments at different Tcryst (283 K 
– 318 K). In situ ATR UV-Vis and FBRM were used to monitor the solution concentration 
over time and to verify that no nucleation was occurring. Principal component analysis (PCA) 
was applied to the UV-Vis spectra in order to determine the supersaturation decay over time. 
The growth rate is examined by fitting experimental desupersaturation data to power law based 
empirical models, and to Burton Cabrera Frank (BCF) and Birth and Spread (B+S) mechanistic 
models. A comparatively low growth rate is recorded. From the power law equation an 
activation energy of 37.7 ± 0.1 kJ/mol and a growth exponent of 1.75 have been estimated, 
suggesting that the growth is mostly surface integration controlled at those experimental 
conditions. A solid-liquid interfacial energy of 2.7 ± 0.1 mJ/m2 was determined from the B+S 
model, a value being about 60 % of the corresponding value obtained from primary nucleation 
experiments. Surface diffusion rates are extracted and the mean surface diffusion distance 
estimates to 2.1 nm.  
 
KEYWORDS: crystal growth kinetics, Curcumin, spherulite particles, power law equation, 




Crystallization from solution is a commonly used method for isolation and purification 
of active pharmaceutical ingredients (API) in the final stages of manufacture.1 The process is 
influenced by the selection of solvent, agitation rate, supersaturation, temperature and seed 
loading, resulting in different purity, crystal structure, crystal morphology, crystal size 
distribution and thus, bioavailability of the end product.2 The crystal growth rate is profoundly 
important to the performance of industrial crystallizers and it is influenced by supersaturation, 
the mechanical conditions inside the crystallizer, temperature, seed size and the possible 
presence of impurities. Studies on the growth kinetics of multi-particle systems are essential 
since they come more close to industrial conditions and provide crucial information for reactor 
design.  
 
Roughly 90% of the active pharmaceutical ingredients studied with regards to crystal 
nucleation and growth are all with small organic molecules.3–7 In the literature, Qiu and 
Rasmuson,8 presented results of a seeded, isothermal desupersaturation experiment with 
succinic acid crystals and evaluated the parameters in a diffusion and surface-integration 
growth rate equation. Jia et al.,2 also studied the influence of different organic solvents and 
crystallization temperatures on the crystal growth of Salicylic acid by seeded isothermal 
desupersaturation experiments. Other studies in the literature have investigated the 
crystallization of fairly simple compounds like;  Paracetamol,5–7 Salicylic acid,2 Salicylamide,9 
and Piracetam,10 but investigations into more complex and larger compounds, like Curcumin 
(CUR) in this study, are very scarce.  
 
CUR (C21H20O6, MW = 368.4 g/mol; Tm onset = 180.7 °C)11 , also named  (1E,6E)-1,7-
Bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione or (1E,4Z,6E)-5-hydroxy-1,7-
bis(4-hydroxy-3-methoxyphenyl)hepta-1,4,6-trien-3-one, is a plant based material found 
alongside two other curcuminoids; Demethoxycurcumin (DMC) and Bisdemethoxycurcumin 
(BDMC) in the Indian spice Turmeric. The molecular structure of CUR is shown in Figure 1. 
Curcumin presents a poor solubility in water and hence low bioavailability. This problem is 
being addressed for example by  using coformers as salicylic acid12. CUR is widely used as 
colouring agent in cosmetics, pharmaceuticals, dyes and food industry.13,14 Among others 
pharmaceutical applications, its antioxidant, anti-inflammatory, and cancer chemo-preventive 
activity, making CUR an important compound for the health care.13 CUR has three crystalline 
 
polymorphs, the most stable is Form I15 which is monoclinic and the other two metastable 
forms (Form II and Form III) are orthorhombic.16 The solubility of CUR in propan-2-ol has 
been already determined in absence and presence of structurally related impurities.17 In 
previous studies, the influence of DMC and BDMC impurities on the crystal nucleation of CUR 
(Form I stable)17  in propan-2-ol,18 the CUR precipitation prompted by ultrasound and 
polymeric additives19 and the recrystallization of crude CUR20 have been investigated. Also the 
solid-state transformations and storage stability of CUR polymorphs have been studied.14 
However, there is a lack of information regarding the crystal growth kinetics for such a big 
molecule. Since CUR may exist as several polymorphs and morphologies (acicular and 
spherulites), knowledge on the intrinsic kinetics of its crystal growth is essential to increasing 
our understanding of polymorphism and crystal morphologies. Despite the utmost importance 
of accurate determination of growth rates and related kinetic parameters, such data is not 
available in the literature for a rigorous design of industrial crystallizers.  
 
Figure 1. Molecular structure of CUR. 
In the present work, the crystal growth kinetics of CUR in propan-2-ol is investigated 
using the isothermal seeded desupersaturation method. Experiments are carried out at different 
temperatures, seed loading and initial supersaturations. Experimental data are fitted to classical 
growth theories such as the Burton Cabrera Frank (BCF), and the Birth and Spread (B+S) 
models and the power law empirical equation. The discussion and interpretation of the 
estimated parameters in relation to the characteristics of the material studied is an important 
goal to achieve.  
 
2. Theory and Calculations 
The crystal growth process involves diffusion of molecules from the solution phase to 
the crystal surface and subsequent integration of molecules into the crystal lattice. Typically, 
the former controls the growth at high supersaturations and temperatures, whereas the latter is 
the limiting step at moderate supersaturations and temperatures.1 The underlying reason is that 







activation energy.21  Empirical power law equations (Eq.1) are typically applied to the overall 
growth of crystals. They provide reliable fitting for modelling both surface integration and 
diffusion controlled growth. However, they provide limited information about the growth 
mechanisms and the crystal surface properties. The Burton Cabrera Frank (BCF) and Birth and 
Spread (B+S) models are developed for the growth of individual faces and consider the growth 
mechanisms involved and the crystal surface characteristics. At moderate supersaturations, the 
BCF model (Eq. 2)22,23 describes crystal growth by assuming the presence of non-vanishing 
spirals, and the B+S model (Eq. 3)24,1 applicable to higher supersaturations describes the 
generation of new growth steps to occur by two-dimensional nucleation.  
   (1) 
   (2) 
  (3) 
Both BCF and B+S models include a temperature dependent parameter (A and C, 
respectively) and a parameter here treated as temperature independent (B and D, respectively), 
see Eq. 4-7. The different mechanisms can be in operation simultaneously for example on the 
different faces of the same crystal, e.g. B+S and BCF mechanisms acting in parallel or bulk 
diffusion and BCF/B+S occurring in series. For instance, in the growth of monoclinic 
paracetamol {110} faces from aqueous solutions at high supersaturations, a fast growing mixed 
mechanism combining 2D nucleation at the edges and dislocations at the face centres was 
found to occur using phase contrast microscopy25. 
       (4) 
       (5) 
    (6) 
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      (7) 
     (8) 
In Eqs.1-8: kg is the rate constant, kg0 is the rate constant pre-exponential factor, Ea is the 
activation energy, g is the growth exponent, S is the supersaturation ratio (c/c*), h is the step 
height, vstep is the step advancement rate, Bstep is the two-dimensional nucleation rate, Vm is the 
molecular volume γsl is the solid-liquid interfacial energy, k is the Boltzmann constant, xs is the 
mean diffusion displacement on the surface, Dsurf is the surface diffusivity, β’ is  a correction 
factor, Γ* is the equilibrium concentration of surface adsorbed molecules, Γ is the 
concentration of surface adsorbed molecules, NA is the Avogadros’s number, Asurf is the pre-
exponential factor of the surface diffusion equation (Eq.8) and Ea,surf is the activation energy of 
the surface diffusion. 
Although BCF and B+S models provide better insights into the governing mechanism 
and some important crystal surface features, e.g. γsl, xs, etc.. The empirical power law equation 
is also a valuable model since it usually provides a better description of the experimental data 
and offers essential information about the rate-limiting step through the parameters g and Ea. 
In this regard, g≈2 and 40< Ea <60 kJ/mol are typical values for a surface integration controlled 
growth whereas g ≈1 and 10< Ea <20 kJ/mol usually characterize volume diffusion controlled 
growth1.  
Assuming that nucleation, growth rate dispersion, agglomeration and breakage are 
negligible, the increase in the crystal mass can be related to the decrease in solute concentration 
by a mass balance (Eq. 9). The ratio w/w0 equals (L/L0)
3 provided that crystal shape is constant 
(Haüy’s law). Consequently, the desupersaturation evolution in a seeded batch crystallizer 
operated isothermally with an initial supersaturation can be expressed as a function of the size 
change of the seed particles (?̅?) by Eq. 1026.  
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From a fundamental standpoint, the implicit meaning of the above expression is that whenever 
mass is directly proportional to L3, the mass increase of a growing particle can be defined as 
an increase of its characteristic linear dimension, e.g. diameter for spheres. From a theoretical 
standpoint, this is valid for any morphology provided that the area and volumetric shape factors 
remain constant during growth. Further discussion on the fulfilment of these assumptions for 
the present work is discussed below in Section 4.1.  
By substitution of Eq. 10 into Eq. 1-3, ordinary differential equations describing the 
variation with time of the particle dimension can be obtained for each model. Eventually, the 
particle dimension at any instant (?̅?) can be computed by integration of the corresponding 
growth rate equation as: 
                     (11) 
In Eq. 10-11: ?̅?0 is the mean initial linear dimension of the seed crystals, W0 is the initial 
mass of seeds and M the mass of solvent. 
 
3. Materials and Methods 
Seeded isothermal desupersaturation experiments have been performed at different 
temperatures (283-318 K) and initial supersaturations to investigate the growth properties of 
CUR in propan-2-ol solution. 
3.1 Materials  
Commercially available crude CUR of >75 % nominal purity (HPLC, area %) was 
obtained from Merck, comprising of < 20 % DMC and < 5 % BDMC. Propan-2-ol (99.9 %, 
Merck) was purchased from VWR.  An ultra-pure reference standard of CUR (100 % purity, 
verified via HPLC) was separated and purified from crude CUR (Merck) by a number of 
recrystallizations in propan-2-ol, the method used for the recrystallizations is published in 
previously reported work.20 The solubility of pure solid CUR in propan-2-ol has been 
determined by the gravimetric and analytical method previously reported18,20 and are here used 
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3.2 Instrumentation 
The HPLC system and analytical method used in this study to analyse the CUR samples 
is reported in previously published work11. A PANalytical EMPYREAN diffractometer system 
using Bragg−Brentano geometry and an incident beam of Cu K-alpha radiation (λ = 1.5418 Å) 
was used to record the X-ray diffraction patterns of CUR. Room temperature scans were 
operated on a spinning silicon sample holder. (Step size = 0.013 °2θ and step time = 32 (s)). 
Morphology G3 particle size and shape analyser (Malvern instruments) was used to determine 
the HS Circularity, CE Diameter (µm) and crystal size distribution (CSD) of the CUR seed 
particles and CUR crystal product. Images of the CUR particles are also obtained using this 
instrument at optic 5x magnification. Hitachi SU-70 Field Emission SEM was used to observe 
the CUR specimens in their native state; conductive coatings were avoided. To minimise 
specimen charging a low primary electron beam energy (1 keV) was used for all image 
acquisitions. A Zeiss MCS651 spectrometer fitted with a Hellma 661.812 Attenuated Total 
Reflection (ATR) UV-Vis fiber optic immersion probe (Clairet Scientific, Northampton, UK) 
was used to measure the changes in the solution concentration of CUR by measuring the 
absorbance of CUR at a scan time of every 1 minute. The spectral wavelength used was 199 – 
600 nm using Aspect Plus software since the curcuminoids absorb in the UV – Visible 
wavelength at 425 nm.  
3.3 Seed Particle Preparation  
A 10 L glass reactor was used to prepare pure CUR seed particles for all of the growth 
experiments. A calculated mass of commercial crude CUR (Merck) was added to the reactor 
containing 10 L of propan-2-ol. The reactor was covered in aluminium foil at all times to 
prevent the degradation of CUR by sunlight.11 The crude material was dissolved at 338 K for 
1 hour at 400 rpm until a clear solution was obtained. A cooling profile was set-up at 0.1 °C/min 
from 338 K to 278 K at 100 rpm.  After three days, the solution was filtered using a ceramic 
Buchner funnel into a 10 L glass Buchner flask under vacuum filtration. The collected filtrate 
was dried in the oven and then recrystallized in the 10 L reactor for another cooling 
crystallization at the same experimental conditions. Three to four recrystallizations of crude 
CUR in propan-2-ol at slow stirring (100 rpm) were carried out to obtain >99 % pure CUR 
seed particles. After the last recrystallization, the particles were filtered, washed gently with a 
mixture of propan-2-ol/water and put into the oven to dry at 324 K for three days. The resulting 
solids were characterised by HPLC, PXRD and SEM, and the particle size distribution, 
circularity (4π Area/perimeter2) and shape determined. Approximately 30g of CUR seed 
 
particles was obtained. In this study, the seed material was not sieved because of the fragility 
of the particles. Consequently, using a metal spatula, particles of similar size (dictated by the 
naked eye) were taken from the seed particle batch  each time and weighed for the  growth 
experiments.  
Many experiments were performed with  the ambition of obtaining sufficiently large 
single crystals of CUR to be used as seeds in the growth experiments. However, the single 
crystals are very tiny, brittle needles, and agglomerates were always obtained after every 
recrystallization experiment in spite of altering temperature and agitation. This is in agreement 
with previous studies, where spherulitic material were obtained in CUR crystallization induced 
by seeding using overhead stirrer20 and dendritic structures have also been reported from CUR 
crystallization in the absence of additives.14 Accordingly, in this study, the seeds are actually 
strongly agglomerated particles of about 80 m in size, containing individual micron sized 
crystals. Therefore, the growth rates determined are in terms of a linear particle dimension 
increase as a result of molecular integration on the surfaces of the agglomerate. This is not the 
ideal situation from a more rigorous point of view but the data will still provide interesting 
insight into the growth of a more complex compound. In adition, spherical shaped agglomerates 
are of interest in the manufacturing and formulating of the drug because of their high surface 
area, while still having favorable solid-liquid separation properties and potentially superior 
compaction properties.27 
3.4 Growth Experiments 
Table 1 shows the conditions of the different growth experiments. A crystallization 
temperature of 293 K was used in some of the experiments at different initial supersaturations; 
S0 (c/c*) range: 1.2 to 2.0. Further, a range (283 K (minimum) to 318 K (maximum)) of 
crystallization temperatures were used in other crystallization experiments. Previous 
knowledge on the metastable zone width was necessary to set the initial supersaturation since 
the mentioned experimental conditions allow for seeded crystals to growth avoiding secondary 
nucleation. An ATR UV-Visible spectroscopy probe was used to measure the changes in the 
solution concentration of CUR by measuring the absorbance of CUR over time. The solubility 
data of pure CUR in propan-2-ol can be found elsewhere.17 
A Mettler Toledo Easymax 402, 400 mL glass reactor was used with a stainless steel 
overhead 4-blade stirrer. The volume of solvent used for the crystallization experiments was 
150 mL (117.9 g propan-2-ol) or 300 mL (235.8 g propan-2-ol). The experiments with larger 
 
solution volume were carried out in an Optimax reactor (Mettler Toledo). Both reactors were 
equipped with an accurate temperature control (PT 100 thermocouple). To avoid excess 
vortexing and mixing dead zones, and to obtain good mixing, two beavertail baffles with a 
baffle clearance of 0.4 cm were positioned inside in the crystallizer.  
Table 1. Crystal growth experiments undertaken with pure CUR. Four different sets of 
experiments were performed with variances in the crystallization parameters used, i.e. initial 

















 1 2.0 283 200 150 0.23 15 
 2 2.0 288 200 150 0.24 15 
Constant S, 3 2.0 293 200 150 0.25 15 
Different Tcryst 4 2.0 298 200 150 0.29 15 
 5 2.0 308 200 150 0.45 15 
 6 2.0 318 200 150 0.72 15 
 7 1.2 293 200 150 0.15 15 
Different S, 
Constant Tcryst 
8 1.5 293 200 150 0.19 15 
 9 2.0 293 200 150 0.25 15 
 10 1.5 293 200 300 0.38 10 
Different 
Agitation 
11 1.5 293 600 300 0.38 10 
aAll initial supersaturation ratios (S0) and supersaturation ratios (S = c/c*) are based on the 
solubility of pure CUR previously reported17. bThe seed loading was set to account for a 
percentage of the expected yield for the crystallization at the experimental conditions 
calculated as (c-c*) msolvent. 
 
For every crystallization experiment, the pure CUR was dissolved in the appropriate 
amount of solvent at 338 K for one hour at an impeller speed of 400 rpm. The glass window at 
the front of the Easymax reactor was always covered in aluminium foil to prevent any 
degradation of the CUR solution from sunlight.11 After one hour the CUR had fully dissolved 
and the reactor temperature (TR) was reduced to the desired crystallization temperature. The 
ATR UV-Visible spectroscopy probe was switched on half an hour before using it in the 
 
crystallizer, and an internal and external calibration of the probe was performed for every run. 
Once the temperature of the reactor was close to the chosen growth temperature, the overhead 
stirrer was paused and the cleaned ATR UV-Visible probe was inserted and positioned in the 
centre of the reactor and away from the impeller tip. Focused beam reflectance measurement 
(FBRM, Model G400 manufactured by Mettler-Toledo) probe was also used to measure the 
chord length distributions (CLD) and to record the change in the number of counts with time 
(period of 10 s). When the impeller was turned back on, both probes were started 
simultaneously to collect data. Once the UV-Visible and FBRM signals had settled to steady 
state response, the impeller speed was reduced to 200 rpm and the previously weighed mass of 
seed particles was added to the reactor. The seed loads percentages in Table 1 correspond to 
masses ranging 0.235-0.728 g and to number of particles ranging from approximately 7.5‧106 
- 23.5‧106, based on the ratio (number of particles)/(mass)= 32.3‧106  determined using the G3 
morphology. The mass deposition upon complete desupersaturation was estimated to lead to a 
6-10 fold increase in the mass of seeds added. All experiments were operated until no change 
in the UV-vis spectra was observed, indicating that solubility had been reached. An example 
of the UV-Vis and FBRM data obtained during a run is illustrated in Figure 2. As it can be 
seen, virtually constant number of counts after seeding confirmed the absence of secondary 
nucleation and breakage during the runs. The decrease in absorbance at 425 nm measured by 
the UV-Vis probe is related to the decrease of solute concentration in the liquid-phase. 
After growth, the particles were harvested, filtered and dried. HPLC was used to check 
the purity of the CUR seed particles (100 % pure, HPLC area %) and CUR crystal product 
(100 % pure, HPLC area %), see Supporting Information Figure S1. The particle size and shape 
was measured and the polymorphic outcome (stable Form I CUR) was confirmed by PXRD 
(see Supporting Information, Figure S2) in order to ensure that no polymorphic transformation 




Figure 2. FBRM Data from a crystal growth experiment (S0=2 and Tcryst =283 K) 
showing the counts of particles <10 µm, 10 – 100 µm and 100 – 1000 µm and the UV-Vis 
signal showing the concentration decay of CUR in solution over time (blue).  
 
Figure 3 shows the Powder X-Ray diffraction pattern of the CUR seed and that of CUR 
particles collected after growth at 318 K along with the reference diffraction patterns of Form 
I, II and III CUR from the Cambridge Crystallographic Data Centre (CCDC). The characteristic 
diffraction bands of both CUR seed and harvested crystals match perfectly with the 
diffractograms of Form I CUR, the stable polymorph of CUR, and none of the characteristic 
diffraction peaks of Form II (e.g at 14.0°) or Form III (e.g. at 13.4° and 14.2°) are present. 
Accordingly, it can be ensured that no solution mediated transformation occurred during the 

























































Figure 3. Powder X-ray diffraction patters of the seed prepared, product crystals grown at 
318 K and the CCDC references for Form I (BINMEQ04), Form II (BINMEQ06) and Form 
III (BINMEQ07) of CUR.  
 
3.5 Data Analysis  
Principal component analysis (PCA) 28,29,30 was applied to the UV-Vis spectra recorded 
during the runs in order to express the relationship between absorbance and liquid 
concentration at any time. The MATLAB function pca was used for this purpose. The spectral 
range included in the PCA evaluation was 330-500 nm since CUR is known to present a 
maximum absorbance around 425 nm31,32. An example of typical UV-Vis spectra obtained 
during the runs is plotted in Figure S2 (Supporting Information), where the maximum 
absorbance is observed at approximately 440 nm. In most of the cases, the first principal 
component was able to explain more than 95% of the system variance, but in some cases, also 
the second principal component was needed to achieve an acceptable and reliable description 
of the system variance. The final scores were used to correlate experimental data to the liquid 
concentration of CUR at any time by means of a calibration free method.5 Such methodology 
is for the first time shown to be applicable to track the concentration of curcumin solutions.  
Non-linear regression was performed in a created MATLAB script by the minimization 
of the squared sum of residuals (SSR) between the experimentally determined driving forces 
and those calculated from the solution of the corresponding differential equation (e.g. Eq.1). 
The MATLAB functions ode23tb and lsqcurvefit were used to solve the differential equations 
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and to perform the optimization, respectively. The function nlparci was used to account for the 
errors associated with the estimation of parameters within a 95% confidence interval. The 
correlation coefficients between the estimates were calculated through the covariance matrix. 
The initial values of the estimates were altered by several orders of magnitude to validate that 
a global minimum has been reached.  
4.0 Results & Discussion 
4.1 Particle Characterization 
Figure 4 depicts the circularity and CSD obtained in the particle size and shape analyser 
for the seed material and CUR particles harvested after growth experiments. The particles 
images behind the data plotted were taken using a 5x magnification lens in the G3 morphology 
and are representative of the particles analysed. The seed material showed a HS circularity very 
close to 1 (Figure 4a), which means that the CUR Form I seed particles in profile are nearly 
perfectly circular in shape. Figure 4a also shows the seed particle size distribution in terms of 
the circular equivalent diameter (CE) from which a number average seed size of 31.5 μm was 
determined over more than 500,000 particles.  The CUR crystal product also presented a high 
HS circularity, even though the value is somewhat lower than that of the seeds and the 
distribution is somewhat broader (Figure 4b). The CSD of the CUR product crystals (Figure 
4b) reflects a seed particle mean size increase to 67.8 μm: almost double that of the seed 
material and the size distribution is narrower. This size increase represents an increase in 
volume that is consistent with a 10 times fold increase in the mass of seed particles assuming 
that the crystallographic density remains constant during the growth experiments. 
  
Figure 4. High Sensitivity Circularity (blue series) and crystal size distribution (black series) 
of the CUR seed (a) and product crystals after growth (b) at S0=2 and 318 K. Images  of the 












































































corresponding CUR particles obtained from the morphology G3 is shown in the background 
of the two plots. 
Figure 5 displays a collection of SEM images of the CUR seeds, confirming the spherical 
habit, ranging in diameter from ~20 µm to ~45 µm. Apart from typical and most abundant 
individual seed particles, a small number of  non-typical seed particles of greater size (~90 µm) 
composed of multiple smaller seed particles were also observed (see Figure 5d). In addition, 
some seed particles were observed to have been broken-up prior to the SEM analysis (Figure 
5g) due to their fragility. On closer inspection of an individual CUR seed, Figures 5h and i, a 
high concentration of needles (< 1 µm in width) are observed protruding from the particle 
surface, which confers a much larger surface area to the actual seed material than that for a 
smooth sphere.  
 
Figure 5. SEM  images of the CUR Form I seed particles used in the crystal growth 
experiments. Each image is displayed with a 10 µm scale bar except image a, where to the scale 
bar is 100 µm. (a,b,c,e and f): Spherical shaped particles with typical diameter of 30 - 40 µm 







SEM analysis of the product CUR particles (Figure 6) present spherical particles of 
bigger size than the seed particles as a consequence of growth. In some cases (Figure 6f-h) 
some seed particles seem to have grown together as some crystals are joined from the centre. 
A possible explanation to this fact arises from the compensation of agglomeration and breakage 
phenomena within the crystallizer. Due to the high surface area of these protruding needles 
from the spherical structures, it is possible that some collisions between seed particles of 
smaller density and higher void fraction result in the irreversible sticking of two seed particles 
and the subsequent growth as a unique growing entity. Interestingly, Figure 6i shows that the 
final product surface was also formed by protruding needles of similar characteristics as those 
observed in Figure 5h. For direct comparison, Figure 7 illustrates SEM images of a seed particle 
and a CUR product crystal, where the denser structure and larger size of the CUR particle 
following a crystal growth experiment is compared to the CUR seed, which looks rather porous 
and disordered.  
 
Figure 6. SEM images of pure CUR crystals collected after a crystal growth experiment (S0 = 
2.0; Tcryst = 293 K). Each image is displayed with a 10 µm scale bar.(a –e): single particles 





than ~60 µm (~ 20 – 80 µm) (i) Close up of a typical CUR grown particle with protruding 
needles in the surface. 
 
 
Figure 7. Comparative SEM images of (a) a typical CUR seed particle and (b) CUR crystal 
product after a growth experiment. Each image is displayed with a 10 µm scale bar. 
 
The spherulite growth proceeds outwards from a nucleus. The first formed fibers evolve 
into a sheaf (bear in mind Figures 5g and 6f) that grows until the particle becomes spherical by 
filling the available space33. This generates a polycrystalline material with subradially oriented 
fibres. The internal structure consists of an array of crystalline fibers branching at small angles. 
This type of polycrystalline structure indicate that repeated secondary nucleation was necessary 
for their formation. This is most likely the mechanism through which the seed crystals of this 
study were formed and grew during their preparation. Generally, spherulites are almost always 
formed in systems containing impurities or in very viscous fluids wherein the mass transfer 
coefficients are very low33. However, in this work they were obtained from crystallization of 
pure Curcumin, which is probably due to the high supersaturation induced that initially 
generates a diffusion controlled continuous growth and then evolves to a two dimensional 
nucleation growth mechanism.  
As observed, the studied material is a sort of agglomeration of elongated particles or 
filaments, being the faces of lower surface area perpendicular to the outer surface of the sphere 
(Figure 5i and 6i) and the faces of larger surface area radially oriented with respect to the 
spherulite nucleus. Faces of lower surface area are expected to growth faster, which in the 
present system steers to an increase in spherulite diameter. The other faces however are also 
expected to growth more slowly, which would lead to a reduction of the void space, an apparent 
(a) (b)
 
increase in the particle density and eventually, to a progressive reduction of the surface 
roughness (Figure 7). This hypothesis is supported by the results presented in Figures 4-7, from 
where it can be inferred that despite a slight change in the particle morphology, the shape and 
outer surface of the seeded crystals was maintained during the growth experiments. The 
constant number of counts over the runs obtained by FBRM, confirms that neither nucleation, 
significant breakage nor agglomeration occurred in a significant extent. In light of these results, 
the assumptions used in the definition of Eq. 9 are reasonably justified.  
As abovementioned, the growth rate can be expressed in terms of unit length per unit 
time provide that shape factors remain constant. Figure 8 shows the plots M vs. NL3 and S vs. 
ML2, from whose slopes the volume and area shape factors can be determined, respectively. 
The total number of crystals (N), the mean length (L), and the total surface area (S) were 
determined in the particle size and shape analyser for several previously weighed samples of 
mass M of seed and product crystals. An average volume shape factor of fv = 0.461 ± 0.05 was 
determined, being very close to the value of π/6 expected for spheres. The area shape factor is 
however underestimated since the total surface area obtained from the analysis represents the 
2D projection of 3D bodies. Notwithstanding, such an analysis is valid to confirm that shape 
factors are maintained during growth, fulfilling thereby the condition for applying Eqs. 9-10 
and allowing for the estimation of crystal growth rates in m/s following the procedure detailed 
in Section 2. 
     













































































4.2   Effect of Stirring Speed 
Figure 9, shows the desupersaturation profiles obtained for preliminary growth 
experiments at the same temperature, initial supersaturation and seed loading but different 
stirring speeds. The desupersaturation curves at 200 and 600 rpm almost overlap completely, 
suggesting negligible influence of external mass transfer within this range of agitations applied. 
The data also speak for the reproducibility of the experiments. The results also suggest that the 
seed particles are firm enough to withstand the hydrodynamic and mechanical stress imposed 
upon them by the agitation. Hereinafter, a stirring speed of 200 rpm was selected for the rest 
of the growth experiments in the present work. 
 
Figure 9. Experimental desupersaturation evolution and at different stirring speeds. Tcryst = 293 
K, S0 = 1.5. 
4.3 Effect of Initial Supersaturation and Temperature 
Experiments were conducted at three different initial supersaturations (1.2, 1.5 and 2.0) 
at 293 K. Figure 10a depicts the experimental desupersaturation curves obtained along with the 
noticeable good fitting provided by a simple power law equation. Generally, the higher the 
initial supersaturation the faster the initial growth rate, as expected Table 2, summarizes the 
main kinetic parameters obtained by non-linear regression. As it can be seen, kg estimated 
values are comparable, which makes perfect sense since rate constants should only depend on 
temperature if the required conditions of the experiments are fulfilled. The slight differences 
observed can be explained by the high correlation obtained between the estimation of kg and g, 
and the fact that a narrower supersaturation range makes it more difficult to regress the 
supersaturation dependence. In fact, the correlation coefficient between the two parameters is 
related to the range of supersaturation covered in the experiments, being lower as S0 increases. 
Accordingly, the values obtained in experiments starting at a higher supersaturation should be 
more reliable. In addition, as shown in Figure 10b all three sets predict a consistent relation 
 



















between the growth rate and the supersaturation. The values of the growth exponents, being 
clearly above unity, suggest that the growth is surface integration controlled. 
   
Figure 10. (a) Experimental desupersaturation curves and those calculated from fitting of the 
simple power law equation at different initial supersaturation and Tcryst =293 K. (b) 
corresponding growth rates vs. supersaturation. 
Table 2. Parameters obtained from fitting of simple power law equations to desupersaturation 
data obtained at 293 K and different initial supersaturation. Errors are referred to a 95% of 
probability level and CC refers to the correlation coefficient between the estimates. 
S0 Tcryst [K] kg‧107 [m/s] g CC 
2 293 1.00 ± 0.04 1.88 ± 0.05 0.78 
1.5 293 0.99 ± 0.06 1.79 ± 0.04 0.94 
1.2 293 0.79 ± 0.04 1.70 ± 0.02 0.98 
 
The experimental desupersaturation curves for experiments at different temperature and 
the corresponding power law equations, are shown in Figure 11. The fit is excellent except at 
the lowest temperature (283 K), where the experimental desupersaturation curve has a differing 
shape compared to the other curves. Generally, the growth rate increases with temperature, as 
expected, even though the difference between 283 and 288 K is very small. The estimated 
kinetic parameters, kg and g, are gathered in Table 3. The low uncertainties and moderate 
correlation between parameter values support the quality of the experimental work and the data 
treatment. Regarding the rate constant values even though an overall increasing trend is 
observed with temperature, an exception was detected at 288 K. In fact, the corresponding 
Arrhenius plot is not very linear. Therefore, the derived activation energy has a high degree of 
uncertainty. An explanation to this fact relies on the moderate correlation coefficients (around 
0.8). The estimated kg values are about two orders of magnitude lower than those reported for 
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the growth of Piracetam polymorphs in isopropanol and ethanol10 and about three orders of 
magnitude lower than those reported for the growth of salicylic acid2 and salicylamide9 in 
organic solvents. With respect to the growth exponent g, it generally displayed values in the 
range 1.5 – 2.0, being again clearly higher than unity, without a dependence on the temperature. 
 
Figure 11. (a) Experimental desupersaturation curves with fitted simple power law equation 
at different temperatures. (b) Corresponding growth rate variations with supersaturation at 
different temperatures. 
 
Table 3. Estimated kinetic parameters from fitting of simple power law equation. Errors are 
associated with a 95% probability level. CC refers to the correlation coefficient between the 
estimation of kg and g. 
Tcryst [K] kg x 108 [m/s] g CC 
283 5.98 ± 0.28 2.063 ± 0.05 0.81 
288 4.89 ± 0.16 1.700 ± 0.04 0.80 
293 10.05 ± 0.41 1.876 ± 0.05 0.78 
298 11.99 ±0.44 1.935 ± 0.04 0.81 
308 17.76 ±1.00 1.952 ± 0.06 0.80 
318 18.40 ±0.79 1.560 ±0.05 0.81 
 
4.4 Evaluation of the crystal growth kinetics by power law, BCF and B+S models 
The full power law equation (right term of Eq.1), has been fitted to all experiments 
simultaneously for determination of a consistent set of parameters as well as the activation 
energy and the result is shown in Table 4. The low SSR and the low uncertainty associated with 
the estimation of parameters obtained for the power law equation make this model reliable for 
describing the experimental data. The activation energy of 37.7 ± 0.1 kJ/mol obtained from this 
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empirical model is about twice the maximum value expected for normal diffusional mass 
transfer and thus suggesting a surface integration controlled growth; being typically in the 
range 40-60 kJ/mol.1 The growth exponent g = 1.75 also points to the surface integration as the 
rate-limiting step, in good agreement with the results presented in previous sections. The 
estimated pre-exponential factor is apparently lower than those typically reported in the growth 
of different API’s in organic solvents.2,9,10 Table S1 in Supporting Information, gathers a 
comparison of rate constants (kg) reported for different systems by power law equation 
modelling. Among the organic compounds, the growth of Form I CUR particles is the slowest 
system. 
The non-linearity of the G vs. (S-1) curves obtained along with the estimated Ea and g 
values indicate that growth is most likely surface integration controlled. 34 The seed crystals 
used in this work are an ensemble of elongated and oriented particles that originate from a 
polycrystalline entity. As mentioned, such crystal structures are formed at high supersaturations 
by rough growth, which probably explains the mechanism of seed formation in the experiments 
described in Section3.3. However, when such peculiar structures are seeded at lower 
supersaturation conditions, the growth is presumably controlled by surface integration. 
Hitherto, no kinetic model describes the growth in such peculiar conditions. At low-medium 
supersaturations, the spiral (BCF) and two-dimensional nucleation (B+S) mechanisms are the 
only existing growth models able to describe a non-linear increase of growth rate with 
supersaturation. Although these models were originally developed for the growth of individual 
faces of well faceted crystals, they can be applied to multiparticle systems2,9. The main 
implication for such an assumption is that the involved kinetic parameters must be treated as 
average values over all the faces of the crystals studied, which is comprehensive for a large 
number of crystals. Likewise, BCF and B+S models can be applied in the present study to 
obtain averaged values for the population of polycrystalline particles studied. 
The estimated kinetic parameters and uncertainty, and the sum of squared residuals (SSR) 
for BCF and B+S models are gathered in Tables 5 and 6. The predicted growth rates and 
average particle dimension rate of change by the BCF model are plotted in Figure 12 as 
representative example of the model providing the best description of the experimental reality 
observed. The final average experimental particles diameter (from CSD in Figure 4) is 
reasonably well captured by the model prediction for the change of the characteristic linear 
dimension (L). This result speaks for the modelling reliability and the acceptable suitability of 
 
the assumption considered before modelling the growth of spherulites by surface integration 
mechanistic models.  
Table 4. Parameters estimated from fitting of full power law equation to experimental 






Table 5. Parameters estimated from fitting of BCF model (Eq. 2) to experimental 
desupersaturation data at S0 = 2.0, 1.5 and 1.2. Errors are associated with a 95% probability 
level.  
Ax106 [K m/s] B 
[K] 
SSR 





















Table 6. Parameters estimated from fitting of B+S model (Eq. 2) to experimental 
desupersaturation data at S0 = 2.0, 1.5 and 1.2. Errors are associated with a 95% probability 
level. 
C x106 [m/s] D 
[K2] 
SSR 





















Interestingly, all three models evaluated provided a reasonable good description of the 
experimental reality observed. As can be inferred from data in Tables 4, 5 and 6, the fitting in 
terms of SSR decreased in the order: BCF>power law>B+S. Although power law equation is 
typically the best fitting for experimental data, the BCF and B+S models often give very 
satisfactory fitting and provide more information about the operating growth mechanism and 
the crystal surface properties.26 Further comparison among all the models assessed is also 
illustrated as parity plots and the corresponding residuals plots (see Figure S4 and S5, in 
Supporting Information). Residuals of power law and BCF models show some 
Parameter Value 
kg0 [m/s] 0.376 ± 0.002 
g 1.748 ± 0.003 
Ea [kJ/mol] 37.66 ± 0.08 
SSR 2.41 
 
heteroscedasticity (increasing variance with magnitude) whereas B+S model residuals showed 
both heteroscedasticity and drift. The parity plots of power law equation and BCF model 
revealed that both models fitted the experimental data quite well at low supersaturations; the 
largest divergences were found with respect to experimental data at medium-high 
supersaturations. Although the B+S model also provided an acceptable fitting (refer to the 
parity plot and residuals analysis), an evident systematic behaviour, also observed for the rest 
of models though in less magnitude, is observed for most of the runs. It tends to underestimate 
the experimental driving forces at high supersaturations and to overestimate them at low 
supersaturations, which is reflected as residuals with drift. 
     
Figure 12. (a) Predicted growth rates vs. supersaturation by BCF model and (b) 
corresponding average crystal length evolutions. 
It is to be noted that this work for first time provide data on crystal growth rates of 
curcumin in a wide range of supersaturation and temperatures so comparison with literature 
was not possible. The order of magnitude of the growth rate is comparable to those often 
reported in crystallisation processes (typically ~5‧10-7 m/s).35 However, by a more detailed 
comparison at equal supersaturation and temperature, the estimated growth rates are notably 
slower than those reported for crystals of: i) salicylic acid in organic solvents (abut three orders 
of magnitude),2 ii) salicylamide in organic solvents (about 3 orders of magnitude),9 iii) 
Paracetamol in water-MeOH about 5 times,6 iv) Paracetamol in water-acetone-toluene 
mixtures (about three orders of magnitude), 26 v) Piracetam polymorphs in organic solvents (1-
2 orders of magnitude),10 vi) citric acid in water (about two orders of magnitude)1 and, vii) 
sucrose crystals in water (about 1.5 orders of magnitude).1 Although uncertainty in the 
determination of growth rates from different laboratories is typically up to one order of 
magnitude,36 it seems clear that the growth rate of pure CUR Form I spherulites is rather low 
when compared to crystal growth of other organic compounds. Moreover, the values obtained 
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in this work are also clearly lower than those derived from data at higher supersaturation in the 
previous study on nucleation at 293 K.17 
Concerning the estimated parameters from the BCF and B+S modelling (Tables 5 and 6), 
the error associated with their estimation was remarkably low. It is to be noted that, in these 
tables, the different values at 293 K correspond to the experiments carried out at different initial 
supersaturation. Since the parameters A and C are only dependent on temperature, the estimated 
values should be very similar. The estimated temperature dependent A and C values are about 
two orders of magnitude lower than those determined for the growth of salicylic acid2 and 
salicylamide9 in organic solvents,  and about one order of magnitude lower than those 
determined for the growth of Piracetam polymorphs in ethanol and isopropanol.10 Regarding 
the temperature-independent parameters B and D, an opposite trend was revealed. Since these 
parameters account for the crystal surface properties involved, significant differences are 
expected with respect to the mentioned systems. From Arrhenius plot of A and C, the activation 
energy of the surface diffusion (Ea,surf) derived from each model can be obtained, see Figure 
13. Good linear trends were obtained for A and C values, which indeed were estimated by 
independent non-linear regression at each temperature. This confirms the ability of both 
mechanistic models for capturing the effects of temperature variation from the experimental 
data. The final parameters obtained from non-linear regression and the determination 
coefficients are gathered in Table 7. The estimated Ea,surf from BCF and B+S models are close 
to each other, being slightly higher for B+S approach and suggest an important contribution of 
surface diffusion to the growth of CUR Form I particles under the explored conditions.  
From the temperature independent parameter D in the B+S model, the solid-liquid 
interfacial energy (γsl) can be estimated, see Table 7. In doing so, the required molecular volume 
(Vm) of CUR Form I crystals was estimated as 338.7 Å
3 through the corresponding 
BINMEQ04.cif file from the Cambridge Crystallographic Data Centre (CCDC) using the 
software Materials Studio 7.0. The average height of the growth step was assumed to be equal 




Figure 13. Arrhenius plot of temperature dependent parameters of BCF and B+S mechanistic 
models. Error bars represent standard errors. Values at 293 K are the average of three values 
obtained at different initial supersaturation and errors bar are referred to the standard error. 
 
Table 7. Estimated parameters from linear regression of temperature dependent parameters in 
BCF and B+S models. Calculated surface properties from the estimated parameters by non-
linear and linear regression. Expressed uncertainties are referred to the standard error with the 
estimation.  
Parameter BCF B+S 
Ea,surf [kJ/mol] 30 ± 4.1 33 ± 3.8 
R2 0.93 0.95 
Intercept (I) -1.5 ± 1.6 -3.2 ± 1.5 
γsl [mJ/m2] 2.65 ± 0.1 
xs [m] 2.1‧10-9 
DsurfΓ* (283 K) [molec./s] 1571 
DsurfΓ* (293 K) [molec./s] 2567 
DsurfΓ* (318 K) [molec./s] 7659 
 
Solid-liquid interfacial energies differ for the different faces of the crystal.24 Therefore, 
the value of 2.65 ± 0.1 mJ/m2 estimated in this work must be envisaged as an average of all the 
faces of the crystals and over all the seed particles of the experiment. The value obtained is 
about 60 % of the value obtained for the nucleation of CUR Form I in isopropanol (4.45 mJ/m2). 
17 Since the growth value refer to a 2-D nucleation situation, it should be clearly lower than the 
 



































corresponding 3-D nucleation value (Jia et al.9). For salicylic acid in different solvents2 the 
corresponding ratio ranges from 20 to 32% and for salicylilamide9 from 10 to 37%. 
The estimated γsl for curcumin growth in the present work is significantly higher than 
similar values reported for the crystal growth of other pharmaceutical compounds in organic 
solvents (see Table S2 in the Supporting Information). Besides the influence of the temperature 
dependent parameter A and C, it can be generally inferred that the lower the solid-liquid 
interfacial energy, the faster the crystal growth. Recently, this has been established not only for 
inorganic salts in aqueous solutions,37,38 but also to the growth of polymorphic organic 
compounds in organic solvents.10  
From the temperature dependent parameter B, and the previously estimated Vm and γsl, 
the mean diffusion displacement on the surface xs can be calculated since γsl is not expected to 
change significantly with supersaturation and then do not depend on the model considered. 
Furthermore, the value of Dsurf Γ* at different temperatures can be computed by isolating 
Γ*Asurf from the estimated intercept (I=ln(Γ*AsurfVm/xs
2) for the BCF model (Figure 12) and 
Eq.8. A summary of all of the parameters thereby estimated is shown in Table 7. Dsurf Γ* is 
interpreted as a surface diffusion mass transfer rate. The values obtained for curcumin are 
significantly lower (30 to 600 times fold) than those obtained in the growth of Piracetam in 
organic solvents.10 Based on the definition of the mean displacement distance, xs, all the units 
on average reaching the crystal surface within 2.1 nm from a kink or a growth step will be 
eventually be integrated.24 Interestingly, this value is about one order of magnitude smaller 
than those estimated for the growth of Piracetam polymorphs in ethanol and isopropanol,10 
which make sense since xs is directly proportional to the surface diffusivity, and, the larger the 
molecule the lower the expected surface diffusivity. Accordingly, there is an increased 
likelihood for the adsorbed curcumin molecule to desorb before it reaches a favourable surface 
site for integration, which leads to a lower growth rate.  
Globally the activation energies, kinetic constants, growth rates, interfacial energies, 
mean diffusion distances and mass transport related parameters determined here allows for a 
better understanding and description of the growth of Curcumin Form I spherulite crystals. 
They also provide a closer insight into the crystals surface features, the rate-limiting step, the 
surface mass transport and the mechanism through which such peculiar crystals grow. 
Interestingly, this kind of spherulitic material is typically formed in rough growth conditions 
by diffusion-controlled mechanism at very high supersaturations. However, when seeding 
 
these particles at low supersaturation, nonlinear growth rates relations with supersaturation, 
proper of surface integration controlled mechanisms, are found. BCF and B+S mechanisms, 
originally developed for well faceted crystal faces, entail some limitation for describing the 
experimental reality of such complex structures, which focuses on  the necessity for developing 
more appropriate growth models and mechanisms.  
5. Conclusions 
Shape factors of Curcumin Form I spherulites do not change significantly during crystal 
growth in isopropanol at supersaturations (S-1) below 3 and within 283-318 K. Power law 
empirical models and mechanistic layer theories based models fit the experimental data 
generated by isothermal seeded desupersaturation experiments satisfactorily. From the full 
power-law equation an activation energy of 38 kJ/mol and a growth exponent of 1.8 are 
obtained. The growth rates determined are in the order 10-7-10-8 m/s at 298 K and 
supersaturation ratio of 1, indicating that the growth rate of CUR Form I spheres is significantly 
slower than the crystal growth determined for small molecule pharmaceutical compounds in 
organic solvents like salicylic acid, salicylamide and piracetam. A solid-liquid interfacial 
energy of 2.65 ± 0.1 m/m2 was determined by fitting the B+S model to the experimental 
desupersaturation data, the value being approximately 60% of the value determined for 3-D 
primary nucleation. The mean surface diffusion distance is in the order of 2 nm. The lower 
growth rate of curcumin compared to that of lower molecular weight compounds is explained 
by a higher interfacial energy and a lower surface diffusion mass transfer rate.  
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API  active pharmaceutical ingredient 
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A  parameter in BCF model [K m s-1] 
Asurf pre-exponential factor of surface diffusion equation [m
2s-1] 
B parameter in the BCF model [K] 
C parameter in the B+S model [m s-1] 
c solution concentration [gsolute gsolvent
-1] 
c* solubility at a given temperature [gsolute gsolvent
-1] 
D temperature in the B+S model [K2] 
Dsurf surface diffusion coefficient [m
2 s-1] 
Ea activation energy in power law equation [kJ mol
-1] 
Ea,surf activation energy of surface diffusion of adsorbed molecules [kJ mol
-1] 
fs area shape factor [dimensionless] 
fv volume shape factor [dimensionless] 
G crystal growth rate [m s-1] 
g growth exponent in power law equation [dimensionless] 
Gd crystal growth rate under diffusion control [m s
-1] 
Gs crystal growth rate under surface integration control [m s
-1] 
h height of the growth step [m] 
k Boltzmann constant [m2 kg s-2 K-1] 
kd mass transfer coefficient [m s
-1] 
kg rate constant in power law equation[m s
-1] 
kg0 pre-exponential factor of rate constant in power law equation [m s
-1] 
L average crystal length [m] 
Mw molecular weight [g mol
-1] 
R gas constant [J mol-1 K-1] 
R2 determination coefficient [dimensionless] 
S supersaturation ratio [dimensionless] 
S-1 relative supersaturation [dimensionless] 
SSR sum of squared residuals [dimensionless] 
T temperature [K] 
t time [s] 
Vm molecular volume [m
3] 




Γ concentration of adsorbed molecules on the surface [mol m-2] 
Γ* equilibrium concentration of adsorbed molecules on the surface [molecules m-2] 
γsl solid-liquid interfacial energy [mJ m
-2] 
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The rate of crystal growth of pure Curcumin in the presence of two structurally related impurit ies 
– Demethoxycurcumin and Bisdemethoxycurcumin has been determined by seeded isothermal 
desupersaturation experiments in propan-2-ol at 283 K, 293 K and 308 K. In situ (ATR) UV-
Visible spectroscopy and Focused Beam Reflectance Measurement (FBRM) probes were used in 
all experiments to monitor the solution concentrations over time and to track the particle counts. 
Demethoxycurcumin and Bisdemethoxycurcumin were found to slow the growth of Curcumin. 
Higher interfacial energy values are obtained for growth in the presence of the impurities. The 
product particles collected after growth in the presence of Demethoxycurcumin or 
Bisdemethoxycurcumin impurities had a rougher and more porous surface appearance in 
comparison to Curcumin crystals grown in pure solutions which looked to be denser and less 
 
porous. A detailed analysis of the XRD diffraction patterns combined with HPLC analysis 
indicates that impurities are not incorporated into the solid phase except for at the highest impurity 
concentrations used. Our molecular modelling results strongly support this interpretation. In 
addition, the theoretically predicted preferential interaction between the impurities and Curcumin 
strengthen the hypothesis that the growing CUR needles become covered with a layer of adsorbed 
impurity molecules which ultimately inhibit the growth of the CUR needles forcing growth to 




The presence of impurities even at trace concentrations in a supersaturated mother liquor may 
influence nucleation, growth, aggregation of nuclei, morphology of growing crystals and the 
polymorphic form of the crystalline phase1.  Small quantities of structurally related compounds 
are regularly incorporated into pharmaceutical processes as by–products or solvent residues and 
can alter the crystallization process2,3. Such structurally related compounds can be incorporated to 
some degree into the active pharmaceutical ingredient and can alter the nucleation kinetics and 
physiochemical properties. Recently4, we have shown that Demethoxycurcumin (DMC) and 
Bisdemethoxycurcumin (BDMC), structurally related impurities to Curcumin (CUR), strongly 
inhibit the nucleation rate of CUR; the exact mechanism involves inhibition of the number of pre-
nucleation clusters generated in the supersaturated solution. Effectively, clusters are generated 
which incorporate these impurities. The impurity-CUR interaction energy is stronger than the 
CUR-CUR interaction energy leading to a distortion of the pre-nucleation cluster and preventing 
its developments to a critical nucleus size. The impurities do not seem to significantly influence 
the interfacial energy term in the classical nucleation theory4 but they principally reduce the size 
of the pre-exponential factor.  This study is the corresponding examination of the role of the same 
impurities on the crystal growth of CUR.  
It is known experimentally that impurities usually reduce the crystal growth rates from 
solution.5,6 Changes in morphology can provide an indication as to which crystal faces are 
specifically adsorbing the impurity, as these faces will grow more slowly and become more 
pronounced in the resulting morphology of the growing crystal. Varying the concentration of an 
 
impurity can have a big influence on the growth and can control the course of crystallization in 
many ways, such as slowing down the nucleation rate; influencing supersaturation levels; dela ying 
or stopping growth; forming co-crystals or solid solutions7. Therefore, spiking a crystalliza t ion 
process with known impurities can be a useful way to observe their effects on the growth rates, 
particle size and habit.7  
In the literature, the influences of impurities on the crystal habit of a pharmaceutica l 
ingredient is commonly investigated using TOF-SIM, AFM, SEM and other characterisat ion 
techniques8,9. A thorough investigation of the growth kinetics from a crystallizing solution has not 
been presented for CUR. CUR is derived alongside two other curcuminoids known as DMC and 
BDMC from the Indian spice Turmeric. The molecular structures of CUR, DMC and BDMC are 
shown in Figure 1. CUR has three crystalline polymorphs, the most stable is Form I 
(BINMEQ04)10 which is monoclinic and the other two metastable forms (Form II (BINMEQ06) 
and Form III (BINMEQ07)) are orthorhombic11. Different studies of CUR have been investigated 
such as; the influence of DMC and BDMC impurities on the crystal nucleation of CUR4; the crystal 
nucleation of two CUR polymorphs (Form I (stable) and Form III (metastable)) in organic 
solvents12; CUR precipitation prompted by ultrasound and polymeric additives13; the  
recrystallization of crude CUR14 and a study on the crystal growth kinetics of pure CUR in the 
absence of impurities15.  
In this work, the influence of two structurally related impurities, DMC and BDMC, on the 
crystal growth of CUR at different impurity concentrations and temperatures is investigated using 
(ATR) Uv-Visible spectroscopy, FBRM (see Fig. S2 in Supplementary Information) HPLC and 
SEM. The B+S (birth and spread) growth model is fitted to the collected desupersaturat ion 
experimental data and the interfacial energy is calculated for the CUR system in the presence of 
the impurities. The interfacial energy values and growth rates obtained in this growth study are 
compared with obtained interfacial energy values and nucleation rates of CUR in a previously 
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Figure 1. Molecular structures of (a) CUR; (b) DMC; (c) BDMC. Showing the 
presence/absence of methoxy groups on the aromatic rings of CUR, DMC and BDMC. 
 
2.0 Materials and Methods 
2.1 Materials  
Crude CUR (>75% HPLC) was purchased from Merck, containing <20% DMC and <5% BDMC. 
Propan-2-ol (IPA, ≥ 99.9 % purity) was purchased from VWR. Ultra-pure reference standards of 
individual curcuminoids, CUR (100% HPLC), DMC (98.6% HPLC) and BDMC (98.3% HPLC) 
were separated and purified from crude CUR by cooling crystallization followed by column 
chromatography, as previously reported16.  
2.2 CUR Seed Preparation  
CUR seed were prepared and characterized by the method previously reported in our study of pure 
CUR in pure propan-2-ol15. The same seed CUR material (Form 1) used in that study was used 
 
here for a comparison of results. The crystal habit of the prepared CUR seed is needle shaped, 
agglomerated into spherulites. This seed could not be sieved as different sizes of the agglomerated 
seed were obtained which were extremely brittle. The seed was carefully handled and weighed 
before being used in the growth experiments.  
2.4 Equipment used for the Analysis of Liquid and Solid Samples 
A Zeiss MCS651 spectrometer fitted with a Hellma 661.812 Attenuated Total Reflection (ATR) 
UV-Vis fiber optic immersion probe (supplied by Clairet Scientific, Northampton, UK) was used 
to measure the changes in the solution concentration of CUR by measuring the absorbance of CUR 
at 1 minute intervals. A spectral wavelength range used was 400 – 500 nm using Aspect plus 
software. The curcuminoids absorb in the UV – Visible range with Lambda max at 425 nm17. 
Focused beam reflectance measurement (FBRM, Model G400 manufactured by Mettler-Toledo) 
was used to measure the chord length distributions (CLD) and to record the change in count rate 
at a measurement interval of 10 s using the iCFBRM software. The HPLC instrument and method  
used in the analysis of the collected crystal particles is the same as in previously published work18.  
Hitachi SU-70 Field Emission SEM without conductive coatings was used to observe the various 
CUR crystal products in their native state. As a result, a low primary electron beam energy (1 keV) 
was used for all image acquisitions in order to minimise specimen charging. All diffraction patterns 
were recorded on a PANalytical EMPYREAN diffractometer system using Bragg−Brentano 
geometry and an incident beam of Cu K-alpha radiation (λ = 1.5406 Å). Room temperature scans 
were performed on a spinning silicon sample holder. (Step size = 0.013 °2θ and step time = 32 
(s)).  
 
2.5 Experimental Procedure for Particle Growth Experiments  
Initial CUR supersaturations (C/C*) were in the range 2.0-2.2 for all the crystal growth 
experiments. The crystallization temperatures were: 283, 293 and 308K. The impurity 
concentrations used were 0.10, 0.30 and 0.60 mmol.dm-3. Similar impurity concentrations were 
used for the corresponding nucleation study4. The required amount of pure CUR needed to 
generate a supersaturation of 2.0-2.2 at the crystal growth temperature was dissolved in 117.9 g 
(150 mL) propan-2-ol at 333 K for one hour at 350 rpm. Once the CUR was completely dissolved, 
a weighed mass of DMC or BDMC was added to the dissolved CUR solution at 333 K and stirred 
 
for one hour at 350 rpm. The CUR/impurity solution was cooled while agitated to the crystal 
growth temperature. A Uv-Visible and FBRM probe were both inserted into the center of the 
reactor away from the impeller. When the signals from both Uv-Visible and FBRM probes had 
stabilized, a certain mass of pure CUR seed (10 % of C0 – C*) was added to the reactor. Typically 
particle growth was monitored for 8 hours.  At the end of each experiment, the suspension was 
filtered and the particles gently washed in a small amount of a 50:50 mixture of propan-2-ol and 
water. The particles were allowed to dry for a few days before being characterized by PXRD and 
SEM. Some of the grown particles were dissolved and analysed by HPLC to determine the 
concentration of impurities. 
 
2.6 Computational Methods 
Molecular modelling techniques were employed using Materials Studio (BIOVIA), to gain the 
molecular level insights into CUR crystal structures. We used the Forcite module with the 
COMPASS II force field,19 with the electrostatic and van der Waals cutoff distance of 1.25 nm. 
Ewald summation method was used for electrostatic terms, while van der Waals summation was 
atom based. In order to model the CUR/BDMC solid solution, 3x4x2 supercells were employed 
(96 molecules in total; periodic boundary conditions were applied in all directions). With this 
configuration it was possible to model solid solution with BDMC molar fractions of x = 0.02 and 
0.06 by changing the number of BDMC molecules (Fig S1). The geometry and energy optimisa t ion 
(steepest descend) was performed in two steps. First, atomic positions are optimised in a fixed unit 
cell, and in the second step, both atoms and lattice parameters are allowed to relax. The angles are 
constrained in order to keep the monoclinic crystallographic system of Form 1 CUR (BINMEQ04, 
==90oC and =95o).  The primitive cell of CUR Form 1 was modelled to determine the 
reliability of the results: our calculated unit cell parameters of optimised CUR Form 1 structure 
(unconstrained, fully relaxed) are: a=12.60 Å , b=6.91 Å, c=19.90 Å and ==90.0o, =94.164o, 
matched the crystal symmetry and compared well with the experimental XRD refinements data 
(a=12.5839 Å , b=7.0393 Å, c=19.9515 Å and ==90.0o, =95.045o), thus validating our choice 
of the COMPASS II force field. The vacuum morphology of the curcumin Form 1 crystal was 
predicted using the attachment energy method, in which the growth rate of each crystal face is 
assumed to be proportional to the attachment energy, viz. the energy released upon attachment of 
 
a growth slice to a given crystal face. Calculations were done with Materials Studio and the 
COMPASS II force field, used together with built-in point charges; a combination that has been 
found to work adequately for similar systems in a previous study.20 
3.0 Results 
2.3 Solubility 
The solubility of pure CUR crystals Form I in propan-2-ol measured as a function of temperature 
and impurity concentration is shown in Figure 2. Each point is the mean value of triplicates of each 
experimental point. The solubility differences between pure CUR and CUR with impurity in 
Figure 2 are typically 10 % at 283 K. Impurities present in the solution leads to a decrease in the 
solubility of the pure solid phase of CUR.  Below, calculated supersaturations of CUR in the 
presence of different concentrations of impurities were based on the solubility of CUR in the 
presence of the impurity. 
 
 
Figure 2. Solubility plot of pure CUR crystals in pure propan-2-ol and of pure CUR crystals in 
propan-2-ol at the impurity concentrations indicated.  
 
 
Morphology G3 was used to determine the HS Circularity, CE Diameter (µm) and crystal size 
distribution (CSD) of the prepared CUR seed 16. The average particle size of CUR seed particles 
over more than 500,000 crystals was 31.5 μm.  
Figure 3, shows SEM images for pure CUR particles (Form 1) grown from pure propan-2-ol and 
the corresponding particles grown in impure propan-2-ol. In Figure 3 (a), a CUR seed spherical 
particle is shown with a porous and rough surface. No obvious difference can be seen in the inside 
of the particles of CUR grown from pure propan-2-ol solutions (Figure 3 (b)) and of CUR grown 
in impure propan-2-ol solutions (Figure 3 (c)) when compared. They both display elongated 





Figure 3. Representative SEM images of; (a) spherical CUR seed particle (scale bar represents 30 
µm); (b) inside of a pure CUR crystal particle grown in pure propan-2-ol solution; (c) inside of a 
CUR crystal particle grown in an impure propan-2-ol solution containing 0.10 mmol.dm-3 DMC 
(scale for both (b) and (c) = 20 µm); (d) a pure CUR crystal particle; (e)  CUR crystal particle 
grown in propan-2-ol containing 0.10 mmol.dm-3 DMC (scale for (d) and (e) = 30 µm). All crystal 
particles were collected after growth experiments at Tcryst = 308 K. 
 
A comparison of the external appearance a pure CUR crystal particle grown in pure propan-2-ol 
and a CUR crystal particle grown in impure propan-2-ol containing 0.10 mmol.dm-3 DMC at Tcryst 
= 308 K is shown in Figure 3 (d) and Figure 3 (e). The surface of the pure CUR particle appears 
to be smoother and denser in comparison to the CUR particle grown from the impure solution 
which has a lot of protruding needles edging out from the surface giving it a rougher appearance 
while maintaining the overall spherical shape of the CUR seed.  
 
 
Table 1 presents the results of the determination of the particle purity. No impurities were detected 
in the CUR particles after growth at impurity concentrations of 0.10 and 0.30 mmol.dm-3 . 
Incorporation of the impurities was detected only at the highest impurity concentration (0.60 
mmol.dm-3). In those cases approximately half the available impurity had became incorporated 
into the crystal during growth.  
Table 1. HPLC analysis of the product crystal particles after each crystal growth experiment 
obtained at Tcryst = 283 K, 293 K and 308 K at the indicated impurity levels in mmol.dm-3. 




















































of impurity in 
solution 
(Mol%) 
1.2 3.5 1.2 1.2 3.5 1.2 3.5 7.0 1.2 3.5 7.0 
**Note: The Mol % values of the crystal particle samples were obtained from the molar ratios of 
impurity to CUR, which were calculated as [mol impurity/ (mol impurity + mol CUR)*100]. 
 
Figure 4 displays the PXRD for the solid material grown in the presence of DMC or BDMC 
impurities . There was a measurable shift in some of the diffraction peaks from crystals grown at 
the 0.60 mmol.dm-3 impurity concentration. This effect is further highlighted in Figure 5.   The 
(002) peak for Form 1 CUR shifts to higher 2 values , the (010) peak shifts to lower 2 values 
and the position of the (100) peak remains unchanged. For the CUR samples grown at the highest 
impurity concentration the quality of the diffraction peaks deterioted  at 2 values above 14o . 
 
These observations are consistent with the formation of solid solutions of DMC or BDMC in CUR 
but only for the highest impurity concentration and temperature used in this work.  
Figure 4. PXRD data of CUR Form I (BINMEQ04) and of CUR particles collected after growth 
in the presence of the indicated concentrations of impurities. Tcryst = 308 K; Cu K-α  λ = 1.5406 
Å. 
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Figure 5. PXRD data of CUR Form I from CCDC (ref code: BINMEQ04) and of CUR particles 
collected after growth in pure propan-2-ol without impurities (Pure CUR) and of CUR particles 
collected after growth in propan-2-ol in the presence of 0.60 mmol.dm-3 BDMC impurity 
illustrating the shifts in the peaks in the presence of high c(imp). Tcryst = 308 K; Cu K-α  λ = 1.5406 
Å. 
 
In Figure 6 the desupersaturation curves representative of the overall picture obtained from 
all experiments is shown. In each run the same mass of seed was used and it is shown that in most 
cases, the presence of each impurity leads to a reduction of the growth rate of the CUR particles.  
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Figure 6. Examples of experimental desupersaturation profiles obtained (hollow symbols) and 
fitting of power law equation (lines) for the growth of pure CUR and those in the presence of 
different concentrations of (a) DMC at 283 K and (b) BDMC at 308 K.  
 
Apparently, BDMC exerts a stronger inhibitory effect on the crystal growth of CUR in comparison 
to DMC (Figure 7). However, this trend was not representative for all the crystal growth 
temperatures explored nor for different concentrations of impurities where the opposite behaviour 
was also observed.  










Calc.                                    Exp.
      Pure Curcumin       
   0.1 mm/dm
3
  DMC     
   0.1 mm/dm
3









Figure 7. Experimental desupersaturation profile at 308 K for 0.10 mmol.dm-3 of DMC and 




4.0 Analysis and Discussion 
The power law equation (see eq 1) was fitted to the collected experimental desupersaturation data 
of CUR.  
(1) 
Where, kg is the rate constant, kg0 is the rate constant pre-exponential factor, Ea is the 
activation energy, g is the growth exponent, S is the supersaturation ratio (C/C*). The estimated 
kinetic parameters are displayed in Table 2. The modified solubility of CUR caused by the 
presence of impurities, notably its effect on supersaturation, was accounted for in the calculat ions 














0( 1) exp ( 1)g g
EdL
G k S k S
dt RT
 
     
 
 
Table 2. Estimated kinetic parameters from fitting of simple power law equation (1). Errors are 
associated with a 95% probability level. CC refers to the correlation coefficient between the 
estimation of kg and g. 
0.1 mmol.dm-3 DMC 0.1 mmol.dm-3 BDMC 
T [K] kg‧108 [m/s] 
g CC T [K] kg‧108 [m/s] 
G CC 
283 3.80 ± 0.17 2.36 ± 0.05 0.82 283 6.56 ± 0.31 1.94 ± 0.05 0.79 
293 – – – 293 1.53 ± 0.04 2.22 ± 0.03 0.81 
308 6.30 ± 0.29 1.92 ± 0.05 0.78 308 4.11 ± 0.19 2.35 ± 0.05 0.82 
0.3 mmol.dm-3 DMC 0.3 mmol.dm-3 BDMC 
T [K] kg‧108 [m/s] 
g CC T [K] kg‧108 [m/s] 
G CC 
283 2.10 ± 0.09 2.57 ± 0.06 0.82 283 - - - 
293 - - - 293 2.21 ± 0.17 2.49 ± 0.05 0.82 
308 2.18 ± 0.13 2.31 ± 0.08 0.82 308 5.13 ± 0.37 2.14 ± 0.07 0.86 
0.6 mmol.dm-3 DMC 0.6 mmol.dm-3 BDMC 
T [K] kg‧108 [m/s] 
g CC T [K] kg‧108 [m/s] 
g CC 
308 9.23 ± 0.53 2.36 ± 0.06 0.77 308 2.04 ± 0.07 1.71 ± 0.05 0.76 
Pure CUR15     
T [K] kg‧108 [m/s] 
g CC     
283 5.98 ± 0.28 2.063 ± 0.05 0.81     
293 10.05 ± 0.41 1.876 ± 0.05 0.78     
308 17.76 ±1.00 1.952 ± 0.06 0.80     
 
From the kinetic parameters gathered in Table 2, it is quite difficult to grasp a trend relating the 
effects of the presence of impurities at different concentrations and temperature with the intrins ic 
kinetics of each run. In all the cases, the estimated growth exponent’s g are far from the unity, 
 
suggesting that the growth is surface integration controlled under the explored conditions. In many 
cases, such exponents are above two, which generally indicates that a spiral growth mechanism by 
screw dislocations is not assumed. The only mechanistic theory able to explain growth exponents 
larger than two (obtained from power law equations modelling) is the B+S model through the 
formation of terraces by two-dimensional nucleation. Generally, the estimated kinetic constants 
are lower than those determined for the system in the absence of impurities. However, inferr ing 
the effect of impurity concentration and temperature or a comparison between the relative effects 
of each impurity on the growth of CUR is not straightforward. This could be due to the moderate 
correlation coefficients (about 0.8) obtained in the estimation of parameters that results in 
compensation between the estimated parameters and hampers the individual analysis of the kg and 
g by reducing the significance of each singular value.  
Figure 8 depicts the growth rates (G in eq 1) estimated for pure CUR crystals along with 
those obtained in presence of DMC and BDMC at comparable experimental conditions. It is very 
difficult to distinguish which one of the impurities exerts more inhibition at low and medium 
concentrations of impurity on the growth of CUR. Although, the magnitude of inhibition by the 
two impurities was similar, as sometimes DMC had a stronger inhibition than BDMC on the 
growth of CUR (Figure 8 (a) and (b)), but also the opposite was observed (Figure 8 (c) and (d)). 
This did not allow us to draw any further conclusions on the relative effect of each impurity on the 
crystal growth of CUR. On the other hand, at high impurity concentrations (Figure 8 (d)) there is 
a significant difference in the growth rates suggesting that BDMC inhibits the growth rates up to 
6 times fold more strongly than DMC. This can be attributed to the structures of the different 
impurities; the two free hydroxyl groups due to the absence of methoxy groups on the BDMC ring 
structure creates a stronger bond to CUR in comparison to DMC, which eventually is reflected 
into a stronger reduction of the growth rates4. As found for growth in the pure system15 the growth 
order (eq 1) is clearly suggesting that the growth also in the impure system is governed by surface 
integration control. Accordingly, it is at the surface where the impurities are expected to exert their 
influence. 
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Figure 8. Comparison of estimated growth rates at different conditions from fitting of power law 
equation to experimental data in the absence and in the presence of DMC and BDMC.  
 
The B+S model was fitted to the experimental data (see eq 2 and 3): 
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, where S is the supersaturation ratio (C/C*), h is the step height, vstep is the step 
advancement rate, Bstep is the two-dimensional nucleation rate, Vm is the molecular volume γsl is 
the solid-liquid interfacial energy, k is the Boltzmann constant. The estimated parameters are 
displayed in Table 3. 
Table 3. Interfacial energy (sl in eq 3) and kinetic parameter (C in eq 2) values calculated from 
the B+S model for the growth of CUR in the presence of different impurity concentrations. Errors 
are associated to a 95% of probability level. 













283 5.34 ± 0.19 0.052 ± 0.004 283 4.01 ± 0.23 0.070 ±0.005 
- - - 293 5.04 ± 0.14 0.018 ± 0.001 
308 4.32 ± 0.26 0.068 ± 0.005 308 5.66 ± 0.20 0.052 ± 0.004 













283 6.63 ± 0.20 0.044 ±0.004 293 6.42 ± 0.19 0.040 ±0.003 
308 6.73 ± 0.33 0.041 ± 0.005 308 4.33 ± 0.23 0.040 ± 0.003 













308 5.41 ± 0.29 0.112 ± 0.012 308 4.32 ± 0.27 0.025 ± 0.002 







   
283 - 
318 
2.65 0.038 - 0.153    
 
 
In Table 3, the interfacial energies of CUR in the presence of the impurities are higher than those  
of pure CUR in the absence of impurities (γsl = 2.65 mJ/m2)15. In relation to the kinetic parameter 
 
C, it varied in the range 0.038·10-6-0.153·10-6 m/s within the temperature range 283- 318 K for 
the growth of pure CUR. In the presence of impurities, C values are very similar to those at low 
temperatures, but are significantly lower at high concentrations. In the previous corresponding 
nucleation investigation4 it was found that impurities slowed down the nucleation primarily via an 
influence on the preexponential factor. For nucleation the interfacial energy was changed to a small 
extent only by the impurities. As shown in Table 3, in case of the interfacial energies determined 
from the crystal growth experiments, the interfacial energy is much higher in the presence of 
impurities. In fact, the value increases to the corresponding values for nucleation of CUR4.  
Clearly the presence of impurities inhibits both the nucleation and growth rates. Table 4 compares 
the degree to which inhibition occurs for both. In view of the differing supersaturations used in 
these studies it is probably best to state that the levels of inhibition are somewhat similar. A more 
striking difference appears when interfacial energies from nucleation studies are compared to 
interfacial energies from growth, as outlined in Table 5.  
 
Table 4. A comparison of the interfacial energies obtained from nucleation rate studies (C/C* 
=3.16)4 with the corresponding values obtained from growth rates studies  (C/C* = 2.0-2.2) for the 
impurity concentrations indicated.  



























283    2.65 : 5.34 2.65 : 6.63  






   
308    2.65 : 4.32 2.65 : 6.73 2.65 : 5.41 
 
























283    2.65 : 4.01   






2.65 : 5.04 2.65 : 6.42  
308    2.65 : 5.66 2.65 : 4.33 2.65 : 4.32 
 
 
Table 5. Comparison of nucleation rates (at C/C* =3.16)4 and growth rates (at C/C*=2.0-2.2) for 
the impurity concentrations indicated. 





















283    2.0: 1.0 2.0 : 0.5  
293 32 : 4 32 : 2 32 : 4    




















283    2.0 : 1.9   
293 32 : 3 32 : 1 32 : 3 4.0 : 0.7 4.0 : 0.8  
308    7.0 : 1.0 7.0 : 1.1 7.0 : 1.0 
 
In the B+S theory postulates that growth occurs by 2-D nucleation on the surface followed by 
outgrowth to a complete layer. The interfacial energy determined for growth is expected to be 
lower than the corresponding 3-D nucleation value since in the 2-D nucleation part of the surface 
of the nuclei is actually attaching to a solid crystalline surface and thus has zero interfacial energy. 
The very high interfacial energy obtained for growth in the impure solution, may suggest that it is 
very much the 2-D nucleation step of the growth process that is obstructed. The fact that the 
interfacial energy reaches a value essentially the same as that for primary nucleation could thus be 
understood that the 2-D nucleation is no longer facilitated by the surface of the crystal, but faces 
the same challenges as a 3-D nucleation. Perhaps, impurities block the surface reducing the rate 
by which 2-D nucleation can occur and at least as a part the growth process, involves molecular 
clusters that have formed in the solution condensing into nuclei when coming in contact with the 
crystalline surface. A high supersaturation level was used in this study (S = 2.0-2.2), in comparison 
to other growth experiments reported in literature which are normally < 1.0421.  The 
supersaturation level used in the crystal growth study is also quite close to the supersaturation 
levels used in the nucleation study which were S = 3.16 – 4.90.4 
Evidence that the growth process of CUR is obstructed in the presence of impurities is further 





                        
Figure 9. SEM images of a CUR crystal grown in the presence of 0.10 mmol.dm-3 DMC impurity 
at 308 K.  (a) a close – up of the broken crystal surface (scale: 10 µm); (b) the edge of the broken 
crystal displaying long needles (scale: 10 µm) (c) a crystal displaying accumulation of particles in 
the center of the crystal (scale: 20 µm); (d) close up with red arrow pointing to it center of particle 




The SEM images of the crystals grown in the presence of impurities show discontinuous 
growth of the CUR needles whereby growth in the needle direction for individual particles either 
stops or is overtaken by growth of a new needle crystal with a clear lack of coherence between the 
new and the old needles. More specifically from the close-up SEM (Figure 9 (c)), it is evident that 
the attachment of these new needles are not at the center of the original protruding crystal, rather 
they attach randomly onto each elongated needle, but still respect the original needles direction.  
Further evidence that the impurities are capable of interacting strongly with CUR crystals can be 
seen from the evidence for the formation of solid solution of impurities in CUR. The data in Table 
1 for the impurity incorporation on or into CUR indicated that there is no incorporation at impurity 
levels at and below 0.30 mmol.dm-3.  We hypothesize that the surface attached impurities are 
readily removed by washing. At 0.60 mmol.dm-3 impurity concentration, there was evidence for 
incorporation and we observed significant shifts in the (002) and (010) peaks in the PXRD patterns. 
The (100) peak was unchanged from that of Pure Form 1. The observed shifts are consistent with 
the formation of solid solutions of DMC in CUR and BDMC in CUR.  
Table 6 summarizes the d-spacing and unit cell lengths along the b and c axes recorded for the 
pure CUR Form 1 and the corresponding CUR-BDMC solid solution. There is a small expansion 
in unit cell length along the a-axis and a very significant decrease in unit cell length along the b-
axis.  
Table 6. Miller indices, dhkl values, c-axis (Å) and b-axis (Å) for crystals of CUR grown without 
impurities and CUR grown in the presence of 0.60 mmol.dm-3 BDMC. These values are based on 
the PXRD pattern in Figure 5. 
Sample hkl dhkl (Å) c (Å)  b (Å) 
Pure  (002) 9.95 19.90  
Impure (002) 9.34 18.68  
pure (010) 7.04  7.04 







Figure 10. The growth morphology (a) of the curcumin Form 1 crystal (COMPASS II force field). 
Molecular representations of crystal faces: (b) (10-1), (c) (002), and (d) (010); highlighted are 
methoxy groups, CH3-O. Calculated attachment energy (COMPASS II force-field) is also shown 
for each crystal face. 
 
In order to better understand our experimental observations we have employed a detailed 
molecular level analysis. Figure 10 shows the computationally predicted morphology of the CUR 
Form 1 crystal, along with the molecular representations of the crystal faces relevant for our 
discussion. In addition, attachment energy is shown for each face, which is assumed to be 
proportional to the growth rate of that crystal face. The predicted morphology features an elongated 
 
particle, generally matching the experimentally observed rod-like crystal habit. It should be noted 
that this theoretical prediction assumes no interaction between the surfaces of the particle and the 
exterior, thus neglecting the solvent influence on the particle shape. Nevertheless, the attachment 
energies indicate the relative stability/interaction strength of a particular surface termination. In 
our case the fastest growing, thus the strongest interacting, is the (10-1) face with the attachment 
energy of -123.6 kJ/mol. This face features protruding H-bonding capable hydroxyl and methoxy 
groups. The (002) face is also terminated with polar groups. However, here the most exposed are 
the low polarity carbohydrate (C-H) functions. This results in a significantly lower Eatt = -78.3 
kJ/mol. The (010) face, with Eatt = -73.6 kJ/mol, features the CUR molecules placed nearly 
horizontally to the plane surface, and such orientation facilitates molecular stacking and weaker 
Van der Waals interactions, including π-interactions of stacked aromatic rings. The lowest 
attachment energy, thus the weakest interaction capabilities and the slowest growth rate is 
predicted for the (101) face (not shown in the Figure 10), with Eatt = -54.9 kJ/mol. The observed 
significant reduction in the unit cell length along the c-axis and the nearly unchanged length of the 
b-axis (Table 6) can both be better understood when looking at the structures in Figure 10. If we 
consider that the solid solution is being formed, then some of the CUR molecules are expected to 
be substituted by the impurity molecules. Because the methoxy group is larger than the hydroxyl 
group, the replacement of the CUR molecule for slightly smaller (shorter) DMC or BDMC moiety 
would create an empty space at the site of substitution, which would lead to contraction of the unit 
cell. When looking at Figure 10(c), it appears that the methoxy groups are placed nearly 
perpendicularly to the (002) plane, thus, when absent (as in the impurity molecules), the unit cell 
shrinkage should happen along the c-axis (perpendicular to the (002) plane). On the other hand, as 
seen in Figure 10(d), the methoxy groups in CUR molecules are placed in parallel to the (010) 
plane, thus are not expected to impose any significant changes to the length of the b-axis when 





Table 7. Calculated lattice parameters and intermolecular energy of the simulated CUR supercells 
with varying composition of BDMC. 
 Molecular supercell simulation 
xBDMC 
(mol%) 






0 12.58 7.04 19.95 -220 -168 -45 
2 12.60 6.91 19.80 -230. -165 -59 
6 12.58 6.96 19.67 -229 -162 -61 
 
 
     
Figure 11. Calculated c-axis and van der Waals (vdw) / electrostatic (el) ratio of intermolecular 
energy for CUR supercell systems at different molar concentrations (x) of BDMC impurity (a) and 
snapshot of the supercell system at x(BDMC) = 6 % mol (b). 
To further investigate the behaviour of BDMC incorporation into CUR lattice, CUR/BDMC solid-
solutions were simulated by the supercell method (described in 2.6 Computational methods). The 
structural properties of the solid solutions were studied by observing the change in the lattice 
parameters and energetics of the supercell systems with varying composition, x (mol% of BDMC 
impurity). The results of supercells geometry optimizations for lattice parameters and 
intermolecular energy (lattice energy) are shown in Table 7. Our computations support the 
hypothesis on the formation of the solid solution as they correctly predict trends in the unit cell 
changes upon incorporation of BDMC. The calculations show that the c-axis decreases the most 
with increasing BDMC concentration (Fig 11(a)), with only a minor decrease in b-axis and no 
 
significant change in the a-axis. Moreover, this change in the lattice structure is also followed by 
a change in the energetics of the corresponding systems; electrostatic contribution of the 
intermolecular energy increases with increasing BDMC concentration, while van der Waals 
contribution decreases. From the calculated intermolecular energy contributions, it can also be 
seen that van der Waals interactions are predominant, which can be explained by large nonpolar 
regions of the CUR/BDMC molecules. Methoxy functional group is mostly nonpolar and when 
not present (as in BDMC) this contributes to decrease in the van der Waals intermolecular 
interactions. On the other hand, the removal of methoxy group exposes polar phenyl OH group, 
which can now freely interact, thus increasing the electrostatic contribution of intermolecular 
energy. The snapshot of the solid solution supercell model at x(BDMC) = 6 %mol is shown in Fig 
11(b). BDMC impurity substitutes CUR molecule, matching the CUR position and orientation. 
Only a slight tilting of one of the phenyl group is observed (relaxing intermolecular H-bond 
between BDMC and CUR molecule), while the strongest contribution to the observed structural 
and energetic changes of the system is primary a consequence of voids introduced by missing 
methoxy groups in BDMC.   
Thermodynamic properties of CUR/BDMC solid solution can be derived from calculated supercell 
energies, based on regular solution model22 (Table S1 in Supplementary information); by 
calculating ideal entropy of mixing, enthalpy of mixing, and thus free energy of mixing at different 
concentrations. For x(BDMC) = 6 %mol, ΔHmix = 1.28 kJ/mol; however, with favoured entropy 
contribution of TΔSmix = 0.56 kJ/mol (at 298 K), free energy of mixing was found to be slightly 
positive: ΔGmix = 0.73 kJ/mol, indicating BDMC impurity incorporation into CUR Form 1 lattice 
as unfavoured process. Still, relatively low energy barrier for incorporation (ΔGmix = 0.73 kJ/mol) 
can be overcome by high impurity concentration in solution, as shown by our experimental growth 
kinetic results (at the highest BDMC concentration).  
In our recent study on nucleation of CUR in the presence of DMC and BDMC we quantified 
interactions between two CUR molecules and in the CUR-DMC and CUR-BDMC dimers by using 
density functional theory calculations (DFT) and Metadynamic simulations.4 As those data appears 
to also be relevant to our current study, we show it in Figure 12. Both, DFT and Metadynamics 
show consistently that the pair interaction of CUR-impurity is stronger by 14 to 27 kJ/mol than the 
respective CUR-CUR interaction. The observed stronger binding of the impurity molecules is a 
 
consequence of a higher H-bonding potential of the phenyl OH group(s) in DMC and BDMC, as 
compared to the less accessible, intramolecularly H-bonded hydroxyl groups present in the CUR 
molecule. These calculations also support the hypothesis that the growing CUR needles become 
covered with a layer of adsorbed impurity molecules which ultimately inhibit the growth of the 
CUR needles forcing further growth to develop through a 3-D nucleation mechanism. 
 
Figure 12. Interaction energy of CUR-CUR and CUR-DMC molecular associates (dimers) 
in vacuum (DFT calculations), and CUR-CUR and CUR-BDMC dimers in explicit solvent 
(propan-2-ol) at 300 K (Metadynamics simulations, GAFF)4. 
This evidence allows us to postulate that there is a strong interaction between the impurities and 
CUR; this interaction is confined to surface regions at impurity concentrations at and below 0.30 
mmol dm-3 and we observe incorporation of impurities at 0.60 mmol dm-3.  
 
In order to observe reasonable growth rate for CUR we were obliged to use a relative ly 
high supersaturation in this work. In such circumstances   
(i) The interfacial energies measured from the growth of CUR in the absence of 
impurities increases from a value of close to 2.65 mJ m-2 to values in the range 
4.01 to 6.73 mJ m-2 in the presence of impurities. The latter are very similar to 
interfacial energies measured for CUR nucleation in the presence of the same 
impurities (Tables 4 and 5).    
(ii) The overall inhibition of nucleation and growth rates by the impurities are 
similar (Table 5) .  
(iii) The XRD and HPLC analysis both indicate that the impurities are incorporated 
into the final crystalline phase, only at the highest impurity concentrations used 
here, where a solid solution is formed. Otherwise we can conclude that the 
impurities must act on the surface of  the growing CUR crystals. The calculated 
CUR:Impurity interaction energy is stronger than the CUR-CUR interaction 
energy.   
(iv) The discontinuous nature of the needles which make up the CUR sphericals is 
consistent with multiple nucleation events occurring which generally respect 
the original needle growth direction.  
(a)    
 
                               (b)                   
Figure 13. (a) A schematic illustrating the 3-dimensional nucleation and growth of the CUR step-
like region forming the protruding branch structures of CUR that are observed in the (b) SEM 
image, a red box is displayed to highlight an example of this type of attachment and growth in the  
SEM image. 
Figure 13 presents a schematic diagram of the proposed growth mechanism: Growth is inhib ited 
through surface attachment of an impurity to the needle growth face of the CUR crystals. This 
process inhibits 2-D nucleation which is more prevalent in the absence of impurities. Further 
growth is then possible through 3-D nucleation followed by growth with the original needle 
direction being respected. This growth continues until the new crystal becomes sufficiently coated 
with impurity and can only continue further when a new nucleus is formed through a 3-D 
nucleation mechanism.  
5.0 Conclusions 
 
Our experimental results show that for crystals of CUR grow from solutions containing relative ly 
high concentrations of impurities both DMC and BDMC impurities slow down the growth of CUR. 
The product particles collected after growth in the presence of impurities had a rougher and more 
porous surface appearance in comparison to Curcumin crystals grown in pure solutions which 
looked to be denser and less porous. Based on computational studies we predict that the CUR-
impurity interaction is confined to the surface but a solid solution forms only at the highest 
 
impurity concentrations used. The presence of impurities leads to clearly higher interfac ia l 
energies measured from growth experiments with these values becoming about the same as for 
primary nucleation. We postulate that the growth of CUR in the presence of impurities involves a 
3-D nucleation mechanism when the growth surface of the original growing crystal becomes 
inhibited through the buildup of impurities.   
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